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Abstract 
The investigation of carbon dioxide storage in aquifers for CO2/brine systems (Qi et al, 2009) is extended to CO2/surfactant 
(foam) systems. An in-house streamline-based simulator (Obi and Blunt, 2006; Batycky et al, 1997) was modified to handle 
foam flow using two models; namely Hirasaki and Lawson (1985) and UT (Rossen et al., 1999). 
The modified simulator was validated by comparision to one-dimensional analytical solutions for CO2 / surfactant injection 
as well as published one-dimensional results obtained using a commercial simulator (Rossen et al., 1999).  
A carbon dioxide storage strategy where CO2 is co-injected with a surfactant solution simultaneously and continuously into 
the aquifer is proposed as the optimal storage strategy. As in Qi et al. (2009), this strategy does not rely on impermeable cap 
rock to trap the CO2. Compared to pure CO2/brine systems, the use of surfactants to generate foam enhances the trapping 
efficiency. This is mainly due to the fact that foam leads to better sweep during CO2 injection – a drainage process – resulting 
in later breakthrough and more CO2 injected into the aquifer. Furthermore, chase brine injectionng is not necessary for foam 
injection because the gas is virtually immobile due to its very high viscosity in foam form. However, foam may degrade over 
time under high reservoir temperature, and high reservoir pressure at particular surfactant concentration (Liu et al., 2005), 
leading to slow gas migration. The fFurther study is required for this case. 
The optimal strategy is defined qualitatively as that which maximises trapping efficiency while minimising the amount of 
brine injected – i.e. the life time of the project. Co-injecting CO2 with a surfactant solution at a water fractional flow of 50% is 
proposed for the case studied as an optimal injection strategy to obtain the best performance in CO2/foam systems in the cases 
we consider. 
 
Introduction 
Carbon Capture and Storage (CCS) – the collection of CO2 from industrial sources and its injection underground – could 
potentially contribute to the reduction of atmospheric emissions of greenhouse gases (IPCC, 2005). This is a rapid and 
effective way to reduce atmospheric emissions of CO2 from large point sources, such as fossil-fuel burning power stations. 
The North Sea, for instance, offers a good opportunity to demonstrate geological carbon storage while taking advantage of 
increased oil recovery. 
A critical environmental issue, nevertheless, is related to the long-term storage of CO2. It should be ensured that it would 
remain in the reservoir for hundreds to thousands of years. An important component to assure effective entrapment is the 
presence of an impermeable seal at the top of the formation (Jessen et al., 2005), such as in the Weyburn oilfield (Malik and 
Islam, 2000). However, the top impermeable seal may leak, or be penetrated by wells through which CO2 could migrate to the 
surface (Bruant et al., 2002). Another means to assure entrapment is through aquifer injection, such as Sleipner (Korbøl and 
Kaddour, 1995). The injected CO2 will dissolve into the aquifer, which increases the density of CO2. Therefore, the brine 
acting as CO2-carrier will move down gradually due to its higher density and will not move up to the surface. However, it 
needs thousands of years for this natural flows process (Ennis-King and Paterson, 2005; Hesse et al., 2006). In addition, the 
CO2 can precipitate as solid carbonate from chemical reaction with the rock. Once again, this process takes time, around 
billions of years upon the reactivity of the rock (Xu et al., 2003). 
Therefore, the quickest process to trap the CO2 – without relying on the presence/integrity of caprock – is by capillary 
trapping. The importance of this trapping mechanism has been highlighted by recent simulation studies (Ennis-King and 
Paterson, 2002; Kumar et al., 2005; Obi and Blunt, 2006; Juanes et al., 2006). Those studies suggest that through a 
combination of aquifer flow, chase brine injection and buoyancy-driven upwards migration, much or all of the CO2 could be 
trapped before it reaches the top seal. This based on assumption that there is nearly uniform upward movement with dramatic 
trapping as waterflood through the pore space. Previous studies on CO2 storage using streamline-based simulation has 
suggested the co-injection of CO2 and brine during the injection phase of storage to improve the mobility ratio resultings in 
higher storage efficiency. At least 90% of the reservoir CO2 trapping potential is to be realized from this method. In addition, 
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this design guarantee that the majority of the CO2 will remain entrapped in the reservoir for a long-timescale once the field is 
abandoned. (Qi et al., 2009) 
In this work, we further study CO2 storage, in light of gas-surfactant or foam flooding to render more improvement of 
mobility ratio and hence more uniform placement of the injected CO2. Gas-surfactant or foam flooding is an enhanced oil 
recovery technique. In this process, apparent gas viscosity is increased through foam generation. This subsequently reduces the 
mobility ratio between the injected and displaced phases leading to more uniform sweep and less viscous fingering (Lake, 
1989). This technique is applicable to carbon dioxide sStorage because CO2 naturally channels extensively through the 
formation due to its extremely low viscosity. 
This paper will suggest the appropriate foam models that can be used to simulate CO2/foam systems. These are coded into 
an in-house streamline-based simulator (I-Slines). In addition, validation results for these foam models will be presented. This 
study will also propose the optimum CO2 storage strategy, which maximises the trapping efficiency and minimise the total 
amount of brine injected. This optimum strategy is determined by comparing the numerical simulation results of different 
possible injection schemes in a realisitic heterogeneous reservoir model. 
 
Foam Injection 
Foams have various applications in geosystems. They are injected for gas diversion in improved oil recovery (IOR) (Schramm 
1994; Rossen 1996), acid diversion in matrix acid well stimulation (Gdanski 1993), and mobility improvement in 
environmental remediation (Hirasaki et al. 2000). In addition, foams can improve sweep efficiency and oil recovery in 
miscible and steam enhanced-oil-recovery (EOR) processes (Smith 1998; Schramm 1994; Rossen 1995). Effective application 
of foam requires accurate prediction of its performance under field conditions (Rossen 1999). However, accurate prediction is 
difficult, and very complex because foam mobility depends in a complex way on bubble size or foam texture (Falls et al., 
1989; Ettinger et al., 1992), and texture itself depends on many factors (Falls, Hirasaki et al., 1988) such as bubble velocity, 
surfactant concentration, capillary pressure, relative permeability, pressure gradient, and total injection rate.  
Two potential foam models were chosen and described in this study, namely Hirasaki and Lawson (1985) and UT (Rossen 
et al., 1999) models. 
Foam is generated by adding a surfactant to an aqueous phase, and passing a gas through the surfactant to generate a stable 
dispersion of gas bubbles in the liquid. The foam can be transported with the gas flow into the reservoir. The major beneficial 
effect of the foam is to reduce the mobility of gas (Schlumberger, 2009). The conservation equation of the distribution of the 
injected foam with foam concentration or surfactant concentration existing in foam form as a tracer in water phase with decay 
is written as: 
 
(1) 
 
 
 
The surfactant concentration solved from this equation is used to determine water-gas interfacial tension to calculate 
apparent viscosity of foam in the model of Hirasaki and Lawson (1985) as the following section. 
 
Foam Model of Hirasaki and Lawson (1985) 
Foam texture is a key parameter in determining the properties of foam flowing through a capillary, namely: foam types (bulk 
foam or individual lamellae), the number of lamellae per unit length of the capillary, and the radius of curvature of the gas-
liquid interface. These properties affect the apparent viscosity of foam in uniform capillaries and dynamically change at 
gas/liquid interfaces. The apparent viscosity of Hirasaki and Lawson foam model (Hirasaki and Lawson, 1985)  
 
 (2)  
 
 
is defined as the summation of three terms: (1) the resistance to flow of liquid slugs between gas bubbles, (2) the resistance to 
deformation of the interface of a bubble flowing through a capillary, and (3) the surface tension gradient that results when 
surface active material is swept from the front of a bubble and accumulated at the back (Hirasaki and Lawson, 1985). 
Furthermore, this formula predicts shear-thinning rheology with respect to gas velocity, even at fixed bubble size and fixed 
extent of gas trapping. The apparent viscosity is inversely proportional to the cubic root of velocity when the length of the thin 
film portion of the bubble is negligible.  
 
Foam Model of University of Texas (UT) (Rossen et al., 1999) 
This model is based on the “fixed-pc
*
 model” which depends on the relation between capillary pressure, foam texture and foam 
mobility. This approach is to simplify the complexity of foam texture as Hirasaki and Lawson described. In particular, it is for 
strong foams under conditions where capillary pressure dominates foam texture and gas mobility. Therefore, the simplicity of 
the foam model is retained while the influence of foam texture is recognised (Rossen et al., 1999).  
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Foams will be degraded at high capillary pressure due to the thinning of lamellae and their eventual collapse at a “limiting 
capillary pressure,” pc
*
. Since, water saturation (Sw) is related to capillary pressure (pc), the foam will also collapses at a 
corresponding water saturation – so-called, critical water saturation (Sw
*
  Sw(pc
*
)) – over wide range of flow rates and foam 
quality.  
Although in this model, Sw
*
 does not vary with flow rate and foam quality, the model fits many experiments of strong foam 
at low flow rate and high foam quality. However, there are limitations to the “fixed-pc
*” model in terms of its capability in 
handling the complexity of foam behaviour. First, it does not describe processes, which depend on flow rate or bubble velocity 
(Rossen et al., 1995). Second, it does not model shear-thinning effects as in Hirasaki and Lawson model.  
The principle of UT foam model – which is based on the “fixed-pc
*” model – is that foam dramatically decreases gas 
mobility where surfactant exists and capillary pressure is low. The transition between foam and gas without foam occurs over 
a narrow range of water saturation near Sw
*
. Although foam could change both the relative permeability and apparent viscosity 
of gas, the model manipulates only relative permeability for simplicity. In addition, it assumes that surfactant has no solubility 
in other phases. The equations of UT foam model are described in Equation (A-1), (A-2), and (A-3) in Appendix A. 
For simplicity, Sw
*
 is not considered as a function of flow rate, permeability or other rock properties in this initial study. 
The model parameters are estimated based on the foam-coreflood data of Persoff et al., (1991) as follows, Sw
*
 = 0.37, R’ = 
18,500 (Rossen and Bruining, 2007) and  = 0.001. A surfactant concentration for foam generation Cs
0
 equals to 0.005 %wt 
based on Liu et al., (2005). Hence, the equation for UT-model is described in Equation (3) - (6) as follows; 
 
(3) 
 
 
(4) 
(5) 
 (6) 
 
Surfactant 
The surfactant properties used in this study are based on experimental data measured for an alpha olefin sulfonate [(AOS) 
C14-C16].  Bertin et al. (1999) performed experiments to study foam flow in heterogeneous porous media using [AOS C14-
C16], supplied by Shell Chemical (Houston, TX), as a surfactant. Gas-water interfacial tension was measured as a function of 
surfactant concentration as shown in Figure 1Figure 1Figure 1Figure 1. Gas-water interfacial tension was measured as a 
function of surfactant concentration. A range of surfactant concentration was used for measurement in order to estimate the 
critical micelle concentration (CMC). Once the surfactant concentration exceeds the CMC, there is no significant surface 
tension drop. This experiment identified that the CMC is 0.01 wt% with respect to both pressure drop and surface tension. 
Therefore, the concentration of 0.01 %wt is selected for this study. 
From Bertin et al., (1999)’s experimental data, two correlations (Equation (7) and (8)) can be derived to represent 
interfacial tension values below and above 0.01 wt% as shown in Figure 1Figure 1Figure 1Figure 1. 
 
wg = -0.18Cs+0.0349   0.005 wt% ≤ Cs ≤ 0.01 wt%   (7) 
 wg = 0.031 Cs
(-0.014)
 + 0.0001 Cs  0.01 wt%      (8) 
 
 
Figure 1: Experimental data of pressure drop and surface tension for foamer solution as a function of surfactant concentration (Bertin 
et al., 1999) (left). Critical micelle concentration (CMC) (Liu et al., 2005) (middle). Fit correlations of surface tension as a function of 
surfactant concentration from Bertin et al. (1999) experimental data (right). 
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Streamline-based Simulation of CO2 Storage and Trapping Model 
The simulator used in this study is based on the model of Batycky et al. (1997). It was modified to include dispersion and 
dissolution of CO2 in water by Obi and Blunt (2006). In addition, this simulator was extended by Qi et al. (2009) to allow a 
block-by-block assignment of relative permeability and trapped saturation based on the model of Spiteri et al. (2008). 
 
 
Streamline-based Simulation of Foam Flooding 
Foam is a non-Newtonian fluid (Hirasaki and Lawson, 1985). The apparent viscosity of foam is function of surfactant 
concentration, foam texture and bubble velocity. In order to cope with this complexity, the simulator code is modified further 
from the Alsofi and Blunt (2010) polymer flooding model. The basic methodologies of both methods are quite similar because 
they both model non-Newtonian flooding.  Hence, the methodology of code modification can be divided into three steps which 
are similar to polymer flooding (Alsofi and Blunt, 2010); namely, solving for surfactant solution mass balance; modelling the 
foam apparent viscosity, and merging foam model code into simulator. 
 
1. Solving for surfactant solution mass balance.  
The same approach of Alsofi and Blunt (2010) work on mass balance is used for this foam flooding by modifying 
polymer concentration (Cp) to surfactant concentration (Cs). The transformation of the 3D transport problem into a 
number of 1D independent transport problems, which is the advantage of streamline over grid-based simulation, is 
done via tracing a set of streamlines. This streamlines trace is based on the pressure solution along each of which the 
component mass balances are solved (Datta-Gupta and King, 2007). The equation  for water saturation based on 
assumption that foam is incompressible is written as: 
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                                                                                  (9) 
 
Equation (9) is discretized along the streamlines using upstream weighting as in Obi and Blunt (2006): 
                                                           
      (10) 
 
 
Similarly, the surfactant mass balance with adsorption is (Sorbie, 1991): 
                                                               
 (11) 
 
 
Where normalised sorbed concentration (Ca) is given by a linear isotherm, Ca = A.Cs with some constant A. The 
surfactant solution mass balance equation is derived and discretised along streamlines as:   
 
(12) 
 
 
2. Modeling foam apparent viscosity 
The polymer viscosity model of Alsofi and Blunt (2010) uses two multipliers namely, a viscosity multiplier (P) and a 
shear-thinning multiplier (M). However, the foam apparent viscosity model is slightly different from the polymer 
viscosity model because the apparent viscosity of foam, which is calculated from Hirasaki and Lawson Model (1985), 
has already taken shear-thinning effect into account as function of surfactant concentration as shown in Equation 
(12) and bubble velocity. Therefore, the multiplier () of the aqueous phase which was defined in Alsofi and Blunt 
(2010) study is modified to represent the gaseous phase viscosity to make consistency of simulator code including 
effect of two multipliers (P and M) and written as: 
 
app (Cs)= (Cs).g                                  (13) 
 
Another distinction is the injected and displaced fluid phase. In polymer flooding, the injected fluid is the aqueous 
phase and the displaced fluid is hydrocarbon; while in foam flooding, the injected fluid is gaseous phase and the 
displaced fluid is aqueous phase. However, the viscosity multiplier which is calculated from Hirasaki and Lawson 
(1985) model is multiplied by the viscosity of the aqueous phase. Thus, the multiplier (H*) is defined based on 
Hirasaki and Lawson apparent viscosity from Equation (2) as: 
 
 
  1,
,1,1,,,,,,
1,
.1
.








ni
w
ni
w
ni
s
ni
w
ni
s
ni
a
ni
w
ni
s
ni
w
ni
s
SA
fCfC
dt
CSCS
C

 niwniwniwniw ff
dt
SS ,1,,1, .  



      0








swasw CfC
t
CS
t 
[Paper Number]  5 
 
 
 
 
 
                             (14) 
 
In order to modify the multiplier to apply to the gaseous phase in this study and to make consistency of current 
simulator code, the multiplier () can be re-written as: 
 
                                                      (15) 
 
 
Furthermore, for the UT-Model (Rossen et al., 1999), it is simpler to modify the code because the model which 
was derived from Equation (A-1), (A-2), and (A-3) in Appendix A by Rossen and Bruining (2007) represents all the 
effect of foam on gas mobility as a reduction in effective relative permeability (krg
f
) as in Equation (3). 
However, this relative permeability will be used to calculate gas mobility as the following equation: 
     (16) 
 
From Equation (16), the relative permeability can be considered as the original relative permeability while we 
modify gas viscosity instead. Thereby, the equation can be re-written as Equation (17) and modified multiplier () as 
Equation (18). 
  (17) 
 
 (18) 
 
 
3. Merging foam model code into the 3D-Imperial Streamline-Based Simulator  
An IMPES approach, solving pressure implicitly and masses explicitly, are used in the Imperial streamline-based 
simulator. Thus, an iterative approach is required for the pressure solution, since for non-Newtonian flow the 
viscosity field is function of flow rate (in term of bubble velocity for foam flooding), which in turn is function of 
viscosity (Alsofi and Blunt, 2010). Eventually, the foam flooding streamline-based simulator algorithm is modified 
from polymer flooding algorithm as shown in Figure B-1Figure B-1Figure B-1Figure B-1of Appendix B. 
Fortran 90 code computing the Hirasaki and Lawson foam model was inserted for the pressure solve function of 
our simulator. Furthermore, the code was modified by defining a foam option as – opposed to the current polymer 
option – which can use either Hirasaki and Lawson, or UT foam models. Then, some parameters such as velocity, 
max flux, the mobility ratio equation were also modified to make foam parameters compatible with the current code. 
Finally, the input data file was modified to read the foam variables. The examples of these modifications are shown in 
the Appendix C. 
 
Foam Model Coding 
Hirasaki and Lawson (1985) foam model and UT foam model (Rossen et al., 1999) were coded by using Fortran 90 in order to 
merge into Imperial Streamline-based Simulator. Hirasaki and Lawson model is coded as a new module because of its quite 
complex structure while the UT-Model, which has much simpler workflow, is inserted in the current code. The flowchart of 
Hirasaki and Lawson model, and UT-model are shown in Appendix D, and Appendix E, repectively. Additionally, Fortran 90 
code of Hirasaki and Lawson model are shown in Appendix F. 
However, the code of Hirasaki and Lawson foam model, which was merged into current simulator code, was first tested by 
reconstructing Hirasaki and Lawson (1985) experimental results. The experiments were designed to measure the apparent 
viscosities as functions of bubble velocity, capillary radius, bubble size, and foam quality. The gas was injected into chamber 
of surfactant solution to generate foam. Subsequently, foam flowed through adjustable capillary tube to measurement 
apparatus. The measurements were determined by varying a parameter while fixing other parameters. In addition, the capillary 
radius and the bubble size affects the foam types; namely, bulk foam (capillary radius is larger than bubble radius) and 
individual lamellae (capillary radius is smaller than bubble radius) which results in different flow behaviour. Four cases of 
experimental data were picked for testing as follows: 
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1. Effect of Bubble Velocity 
The bubble velocity was varied while other parameters were fixed as follows: foam quality = 0.91, capillary radius = 
0.05 cm and bubble size = 0.117 cm. The plot of apparent viscosity against bubble velocity from the code has very 
good agreement with Hirasaki and Lawson’s experimental data as shown in Figure 2Figure 2. Note, the apparent 
viscosity without surface tension gradient (without last term of Equation (1)) was not considered in this test. 
 
2. Effect of Capillary Radius 
The capillary radius was varied while other parameters were fixed as follows: foam quality = 0.82, bubble velocity = 
1 cm/s and bubble size = 0.09 cm. The plot of apparent viscosity against bubble velocity from the code has also very 
good agreement with Hirasaki and Lawson’s experimental data as shown in Figure 2Figure 2. 
  
Figure 2: The foam model of Hirasaki and Lawson experimental data. Effect of bubble velocity on apparent viscosity and matching 
results calculated from foam module code (left). Effect of capillary radius on apparent viscosity and matching results calculated from 
foam module code (right). 
 
 
3. Effect of Bubble Size 
The bubble size was varied while other parameters were fixed as follows: foam quality = 0.83, bubble velocity = 1 
cm/sec and capillary radius = 0.1 cm. The plot from the code has very good agreement with Hirasaki and Lawson’s 
experimental data as shown in Figure 3Figure 3. 
 
4. Effect of Foam Quality 
The foam quality was varied while other parameters were fixed as follows: bubble velocity = 1 cm/sec and capillary 
radius = 0.1 cm, bubble size = 0.125 cm (lamellae) and bubble size = 0.06 cm (bulk foam). The plot from the code has 
very good agreement with Hirasaki and Lawson’s experimental data as shown in Figure 3Figure 3. 
 
Figure 3: The foam model of Hirasaki and Lawson experimental data. Effect of bubble size on apparent viscosity and matching results 
calculated from foam module code (left). Effect of foam quality on apparent viscosity and matching results calculated from foam 
module code (right). 
 
 
Code Validation 
The extended streamline-based simulator code was validated quantitatively in 1D by comparing to 1D-analytical solutions as 
described in Appendix G. Three cases are used in each validation; namely: no foam case, UT-model, and Hirasaki and 
Lawson model. Surfactant-alternating-gas (SAG) injection (surfactant solution is injected into an aquifer first to saturate with 
surfactant followed by injected CO2) was used for all cases of validation. Furthermore, the extended simulator was also tested 
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to assure seamless error free runs for more complex cases; namely: 2D qualitative validation for homogeneous reservoir, 2D 
simulation for a heterogeneous reservoir and 3D simulation for a homogeneous reservoir as described in Appendix H. 
 
1D simulator validation 
The results of 1D-simulations for the input parameters shown in Table 1Table 1Table 1 were compared to the 1D-
analytical solution in order to validate the code.   The no foam model has constant CO2 viscosity. On the other hand, 
the viscosity of CO2 increases significantly at water saturations above the critical water saturation (0.37) at which 
foam is generated. However, above the critical saturation the apparent viscosity decreases with water saturation – in 
the Hirasaki and Lawson model, while in the UT-model, the apparent viscosity of foam is constant above the critical 
water saturation – this simplifies the foam model and reduces the simulation run time. 
 
Table 1: Input parameters for the one-dimensional validation. Relative permeabilities are from Rossen et al. (2007). 
  
 
The results of foam flooding simulations (Figure 2Figure 4Figure 4) show successful matching of 1D-analytical 
solution and numerical simulation. Despite the fact that the numerical simulation can calculate saturation profiles that 
reasonably matches the analytical solution, adjustment of some simulation parameters is needed – for example, 
timestep, courant Courant number as shown in Table 1Table 1Table 1 – to fit numerical simulation result to 
analytical solution result and obtain more accurate results. For instance, by adjusting those parameters, we can match 
result between analytical solution and simulation at Courant number of 0.5 and we can reduce oscillations of gas 
saturation exhibited due to the steeply increasing apparent viscosity at critical saturation (Sw
*
). This large difference in 
apparent viscosity leads to numerical instabilities (Rossen et al., 1999). Figure Figure 5Figure 53 shows the  effect 
of timestep change on saturation profile oscillations for the Hirasaki and Lawson model. Note increasing the number 
of timesteps to 800 days can reduce oscillations of gas saturation. 
Grid size (m) 40 x 1 x 1 Critical water saturation, Sw
* 0.37
Number of grid blocks 50 x 1 x 1 Initial water saturation, Swi 1.0
Courant number 0.5 Endpoint water relative permeability 0.667
Time-step 200-800 days Endpoint gas relative permeability 0.657
CO2 viscosity, g 0.06 cp Permeability, k 500 md
Water viscosity, w 0.5 cp porosity,  0.15
Corey water exponent, n 4.2 bubble size, rB 60 µm
Corey gas exponent, m 1.3 Injection rate, Q 100 m
3/d
Connate water, Swc 0.2 Surfactant concentration, Cs 0.01 %wt
Residual gas, Sgr 0 Reservoir cross-sectional area, A 100 m
2
Grid size (m) 40 x 1 x 1 Critical water saturation, Sw
* 0.37
Number of grid 50 x 1 x 1 Initial water saturation, Swi 1.0
Courant number 0.5 Endpoint water relative permeability 0.667
Time-step 200-800 days Endpoint gas relative permeability 0.657
CO2 viscosity, g 0.06 cp Permeability, k 500 md
Water viscosity, w 0.5 cp porosity,  0.15
Corey water exponent, n 4.2 bubble size, rB 60 µm
Corey gas exponent, m 1.3 Injection rate, Q 100 m
3/d
Connate water, Swc 0.2 Surfactant concentration, Cs 0.01 %wt
Residual gas, Sgr 0 Reservoir cross-sectional area, A 100 m
2
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Figure 4Figure 2 : One-dimensional gas saturation profile against dimensionless distance corresponding to data from Table 1Table 
1Table 1. No foam (left), Foam of UT-model (middle), and foam of Hirasaki and Lawson model (right). 
 
 
 
Figure 5Figure 3: One-dimensional gas saturation profile of foam of Hirasaki and Lawson model against dimensionless distance 
corresponding to data from Table 1Table 1Table 1 wih various time-steps. 200 time-steps (left), 400 time-steps (middle), and 800 time-
steps (right). 
 
 
 
 
 
Design of Carbon Dioxide Storage 
We now investigate the design of CCS in aquifers. The reservoir aquifer initially fully saturated with water is flooded with 
CO2 contaiombining surfactant solution – a drainage process. Moreover, chase brine injectingon is not necessary for foam 
injection because the gas is virtually immobile due to its very high viscosity. Note relative permeability hysteresis is neglected 
in this initial study.  
The upscaled SPE-10 model (Beraldo et al., 2007) was used for design simulations in this study. The input parameters are 
shown in Table 2Table 2Table 2. An injector was placed at a corner of the reservoir and a producer at the opposite corner. In 
each case investigated, a 0.5 PV (approximately 1,140 × 10
6
 kg) of CO2 is injected. Only in CO2 alone injection and CO2/brine 
system, chase brine is subsequently injected in order to trap CO2. Chase brine is injected until CO2 is no longer produced. 
Then we find an injection sequence that has optimum trapping efficiency while optimising chase total brine injection. 
 
Table 2: Input parameters for the three-dimensional simulation of Design of CO2 storage. Relative permeabilities are from Cheng et al. 
(2000). The reservoir model is the upscaled SPE-10 heterogeneous reservoir model (Beraldo et al.,. 2007) 
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Three systems are investigated in this study: 1) CO2 alone injection, 2) CO2/brine injection, and 3) CO2/surfactant 
injection.  
CO2 alone injection is to inject only CO2 or gas at fractional flow equals one (fgi = 1) of 0.5 PV and chase brine is 
subsequently injected to trap the injected CO2. Previous studies showed that the mobility ratio of this system is quite high 
which leads to channeling and fingering in a 3D displacement and a low sweep efficiency. Note the lower the sweep efficiency 
of the CO2 injection face, the lower the trapping efficiency.  
CO2/brine injection is to inject CO2 and brine together in order to improve mobility ratio by reducing contrast between the 
injected and displaced fluid (Qi et al., 2009). If the CO2 volumetric fractional flow (fgi) was between 0.5 and 0.85 this leads to 
stable displacement, better sweep efficiency and more trapping efficiency of CO2 for this particular case 
We also investigate CO2/surfactant systems where CO2 and surfactant areis injected in order to generate foam which 
should improve mobility ratio and sweep efficiency. This study considered continuous injection as well as alternating injection 
by injecting surfactant solution alone followed by CO2. There are two foam models used in this study as mentioned; Hirasaki 
and Lawson model, and the UT-Model. Most of the design runs uses the UT-model due to the very high run-times for the 
Hirasaki and Lawson model, as discussed in Appendix H. Nonetheless, a few cases of Hirasaki and Lawson foam model were 
simulated for this preliminary study. 
Simulations had been run for all systems in order to compare the results of trapping efficiency, the amount of total injected 
brine and the amount of injected chase brine. Sixteen cases were run as shown in Table 3Table 3Table 3 : 
 
 
Results 
The results of simulation runs, which are summarised in Figure Figure 6Figure 64, show that the CO2 injection alone (Case 
1) has lowest trapping efficiency. On the other hands, the strong foam cases; the injected CO2 with 0.5 injected surfactant 
solution fractional flow (fgi = 0.5) (Case 6) has highest trapping efficiency (96%) and it requires a short time for the trapping. 
In addition, surfactant-alternating-gas (SAG) cases result in poorer trapping efficiency than continuous injection cases. 
However, injecting SAG for two cycles results in higher trapping efficiency than only one cycle of SAG. Hence, the overall 
CO2/surfactant system leads to higher trapping efficiency than CO2/brine system, and CO2/surfactant system requires shorter 
time to trap CO2 than CO2/ brine system because chase brine injection is not required. The table and figures of overall results 
are shown in Appendix I; in addition, the results of each simulation case are shown in Appendix J. 
 
 
 
 
Grid size (m) 18.30 x 12.20 x 3.05 Permeability, k heterogeneous
Number of grid blocks 20 x55 x 17 porosity,  0.25
CO2 viscosity, g 0.06 cp bubble size, rB 60 µm
Water viscosity, w 0.5 cp Injection rate, Q (Continuous injection) 1000 m
3/d
Corey w ater exponent, n 4.2 Injection rate, Q (SAG injection) 1000 m3/d
Corey gas exponent, m 1.3 Initial pressure and boundary pressure 150 kPa
Connate w ater, Swc 0.2 Total days up to 10,000 days
Residual gas, Sgr 0.2 Surfactant concentration, Cs 0.01 %w t
Critical w ater saturation, Sw
* 0.37 Foam parameter, R' 18500
Initial w ater saturation, Swi 1.0 Foam parameter,  0.01
Endpoint w ater relative permeability 0.2 CO2 Density 710 kg/m
3
Endpoint gas relative permeability 0.94 Brine Density 1050 kg/m3
Grid size (m) 18.30 x 12.20 x 3.05 Permeability, k heterogeneous
Number of grid 20 x55 x 17 porosity,  0.25
CO2 viscosity, g 0.06 cp bubble size, rB 60 µm
Water viscosity, w 0.5 cp Injection rate, Q (Continuous injection) 1000 m
3/d
Corey w ater exponent, n 4.2 Injection rate, Q (SAG injection) 1000 m3/d
Corey gas exponent, m 1.3 Initial pressure and boundary pressure 150 kPa
Connate w ater, Swc 0.2 Total days up to 10,000 days
Residual gas, Sgr 0.2 Surfactant concentration, Cs 0.01 %w t
Critical w ater saturation, Sw
* 0.37 Foam parameter, R' 18500
Initial w ater saturation, Swi 1.0 Foam parameter,  0.01
Endpoint w ater relative permeability 0.2 CO2 Density 710 kg/m
3
Endpoint gas relative permeability 0.94 Brine Density 1050 kg/m3
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Table 3: Sixteen cases of simulation study. 
 
 
 
 
 
1 CO2 injection alone (fgi = 1)
2 Continuous CO2 injection with 0.5 injected brine fractional flow (fgi = 0.5)
3 Continuous CO2 injection with 0.3 injected brine fractional flow (fgi = 0.7)
4 Continuous CO2 injection with 0.15 injected brine fractional flow (fgi = 0.85)
5 Water-Alternating-Gas (WAG) injection (0.5:0.5) x [2 cycles]
6 Injected CO2 with 0.5 injected surfactant solution fractional flow (fgi = 0.5)
7 Injected CO2 with 0.3 injected surfactant solution fractional flow (fgi = 0.7)
8 Injected CO2 with 0.15 injected surfactant solution fractional flow (fgi = 0.85)
9 Injected 0.5 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.5:0.5)
10 Injected 0.25 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.5:0.5) x [2 cycles]
11 Injected 0.21 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.3:0.7)
12 Injected 0.105 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.3:0.7) x [2 cycles]
13 Injected 0.09 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.15:0.85)
14 Injected 0.045 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.15:0.85) x [2 cycles]
15 Injected CO2 with 0.15 injected surfactant solution fractional flow (fgi = 0.85)
16 Injected 0.25 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.5:0.5) x [2 cycles]
CO2 injection alone
CO2/brine injection
Continuous CO2/surfactant injection (UT-Model)
Surfactant-Alternating-Gas (SAG) injection (UT-Model)
Continuous CO2/surfactant injection (Hirasaki and Lawson-Model)
 Surfactant-Alternating-Gas (SAG) injection (Hirasaki and Lawson-Model)
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Figure 6 
Figure 4: Plots of ratio of the mass of chase brine injected to the mass of CO2 injected (green), the mass of total brine injected to the 
mass of CO2 injected (blue), and trapping efficiency (red) results corresponding to each simulation case study. 
Discussions 
The results are discussed in light of the advantages and disadvantages of CO2/surfactant (foam) system as well as the optimal 
injection strategy. 
The advantage of foam is its low mobility ratio during the CO2 injection phasface resulting in a piston-like shock front 
which improves sweep efficiency during drainage process. This can be observed from recovered water against injected CO2 
plot (Piston-like in Case 6) as shown in Figure I-1Figure I-1Figure I-1 of Appendix I. Furthermore, more CO2 is placedstays 
in the aquifer during the CO2 injection process because of its later breakthrough. Therefore, it provides higher trapping 
efficiency compared with the no foam case (96% for case 6). One cycle of SAG cases have poorer results than two cycles of 
SAG. Although, SAG cases will result in morehigher trapping efficiency in two cycles, the continuous CO2/surfactant 
simultaneously injection results in higher trapping efficiency. Moreover, chase brine injecting is not necessary for foam 
injection because the gas is virtually immobile due to its very high viscosity. This will save time for CO2 storage process. 
However, foam may degrade over time under high reservoir temperatures, and  high reservoir pressures at particular 
surfactant concentration  (Liu et al., 2005), leading to slow gas migration. CO2 will bemay eventually become mobile resulting 
in unsuccessful trapping. In addition, injectivity of foam decreases due to high viscosity leading to injection pressure increase. 
Hence, further study on these concerns is required. Moreover, a general point that should be kept in mind is the additional cost 
of surfactant plus cost of other related operations. 
The optimum strategy for carbon dioxide storage can be proposed as follows; the CO2 injection alone is not recommended 
due to poor sweep efficiency. CO2/brine continuous injection with 0.15 injected brine fractional flow (fgi = 0.85) is the 
optimum method (lowest ratio of mass chase or total brine injected to mass CO2 injected and acceptable trapping efficiency) in 
CO2/brine system as Qi et al., 2009, and CO2/surfactant continuous injection with 0.5 surfactant solution fraction flow (fgi = 
0.5) is optimum method (acceptable ratio of mass total brine injected to mass CO2 injected and highest trapping efficiency) in 
CO2/surfactant system. The saturation profiles and recovery/injection profiles were plotted as in Figure Figure 7Figure 75 
and Figure Figure 8Figure 86, respectively. 
 
 
Figure 7 
Figure 5: Water saturation profiles of continuous CO2 injection with 0.5 injected surfactant solution fractional flow (fgi = 0.5) case (UT-
model). Injected CO2 = 0.2 PV of CO2 saturation (left). ). Injected CO2 = 0.5 PV of CO2 saturation (immobile CO2) (right). 
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Figure 8 
Figure 6: Plot of recovered fluid against injected fluid of continuous CO2 injection with 0.5 injected surfactant solution fractional flow 
(fgi = 0.5) case (UT- model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of recovered 
CO2 (PV) against total injection including injected CO2, and co-injected brine or surfactant, beginning to end of simulation or 
throughout CO2 storage process (right). 
 
 
Recommendations for Further Study 
Perhaps use parameters that give a weaker foam and more unstable foam because foamFoam strength and stablity depends on 
many factors such as foam texture, surfactant concentration, reservoir pressure, reservoir temperature, water saturation, 
injection rate, bubble velocity, etc. So, foam may collapses after drainage process, leading to slow gas migration. Foam from 
Hirasaki and Lawson model is more realistic because it takes into account many foam parameters such as bubble size, bubble 
velocity, injection rate, surfactant concentration; thereby, allowing us to adjust different foam parameters and study their effect 
in terms of optimal design. This adjustment can provide a different optimum strategy for CO2 storage while foam from UT-
model is only function of water saturation which can be controlled only through varying the fractional flow of the co-injected 
surfactant solution. However, the Hirasaki and Lawson model needs much more simulation run-time. Hence, simulator code 
modification will be required to make Hirasaki and Lawson foam model run faster. In addition, Hirasaki and Lawson model 
code needs to be modified by applying epsilon parameter around the critical water saturation as recommended by Rossen et 
al., (1999) in order to reduce oscillation of saturation profile and obtain more accurate results. 
In addition, more case studies with different scenarios of fraction and composition of surfactant solutions, as well as 
additional surfactant models and foam parameters are required to further study the use of foams in CO2 storage. Furthermore, 
injectivity of foam decreases due to high viscosity leading to injection pressure increase. The further study on injectivity issue 
is also required. Moreover, modelling relative permeability hysteresis is recommended in order to model trapping more 
realisticly.   
 
Conclusions 
The conclusions of this CO2 storage study using streamline-based simulation can be summarised as follows; 
1. Two foam models were used in this study, Hirasaki and Lawson model, and UT-model (Rossen et al., 1999). 
2. Fortran 90 code module was built before merging to Imperial Streamline-based Simulator (I-Slines) due to its 
complex solution. Some simulator codes were modified to make Hirasaki and Lawson module compatible. 
Additionally, UT-Model was coded into the main simulator because of its simple solution.  
3. The extended simulator was successfully validated. In 1D, the code was validated by comparision to 1D-Analytical 
solutions. Then, in 2D, the code was validated by comparision to the analytical solution, as well as results from 
STAR simulator (Rossen et al., 1999). Finally, the code was tested in 3D by simulating foam flooding a 
homogeneous reservoir and results were compared with 1D-analytical solutions, 2D-simulation results. 
4. The results show that CO2 injection alone is not recommended due to poor sweep efficiency. CO2 / brine continuous 
injection with 0.15 injected brine fractional flow (fgi = 0.85) is the optimum method in CO2/brine system as Qi et al., 
(2009) suggested. CO2/ surfactant continuous injection with 0.5 surfactant solution fraction flow of 0.5 (fgi = 0.5) was 
also found to be the optimum injection strategy in CO2/surfactant system. 
5. Foam flooding can improve sweep efficiency during CO2 injection. So, overall trapping efficiency is higher in CO2 / 
surfactant injection. However, foam may degrade over time under high reservoir temperature, and high reservoir 
pressure at particular surfactant concentration (Liu et al., 2005), leading to slow gas migration and unsuccessful 
trapping. In addition, injectivity of foam decreases due to high viscosity leading to injection pressure increase. .  
6. Further work is needed to investigate surfactant concentration, surfaction fractional flow, foam model (especially, 
Hirasaki and Lawson model), injectivity issue, foam degrade condition, relative permeability hysteresis, and other 
foam parameters to investigate the optimal design of CO2/ surfactant systems. 
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Nomenclature 
  A =  adsorption level, dimensionless 
  Brg  =  formation volume factor of gas, fraction 
  Bw  =  formation volume factor of water, fraction   
  Ca = adsorption concentration, dimensionless [wt%] 
  Cs = surfactant concentration, dimensionless [wt%] 
  Dz =  cell center depth, m 
  fgi = injection gas fractional flow, fraction 
  fw =  water fractional flow, fraction 
  g =  gravity acceleration, m/s
2
 
  H
* 
=  viscosity multiplier of foam model of Hirasaki and Lawson, dimensionless 
  k = permeability, m
2
 [Darcy] 
  krg
f
 = effective relative permeability of gas in presence of foam, dimensionless 
  krg
o
 = relative permeability of gas in absence of foam, dimensionless 
  krw =  relative permeability of water, dimensionless 
  Ls = length of liquid slugs, m 
  M = shear multiplier, dimensionless 
  m = Corey gas exponent, dimensionless 
  n =  Corey water exponent, dimensionless 
  NL = dimensionless length of the thin film portion of bubble 
  Ns = dimensionless number for surface tension gradient effect 
  nL = number of equivalent lamellae per unit length, m
-1 
  P = polymer viscosity multiplier, dimensionless 
  pw =  water pressure, Pa 
  pc
* 
= limiting gas-water capillary pressure, Pa 
  Q = injection rate, m
3
/d 
  Qw = water production rate, m
3
/d 
  R =  capillary radius, m 
  R’ =  gas mobility reduction factor, dimensionless 
  rc = radius of curvature of gas-liquid interface, m 
  Sg = gas saturation, fraction 
  Sgr = residual gas saturation, fraction 
  Sw = water saturation, fraction 
  Swc =  connate water saturation, fraction 
  Swi = initial water saturation, fraction 
  Sw
*
 = critical water saturation at limiting capillary pressure, fraction 
  T  =  transmissibility 
  t =  time, s 
  U = interstitial velocity of bubbles, m/s 
  V  =  block pore volume, m
3
 
   = foam parameter, dimensionless 
    =  rate decay parameter function of oil and water saturation 
  µapp =  apparent viscosity of foam, Pa.s [cp] 
  µg = viscosity of gas, Pa.s [cp] 
  µw = viscosity of water, Pa.s [cp] 
    =  viscosity multiplier, dimensionless 
   =  time of flight, s 
  w  =  water density, kg/m
3
 
    =  sum over neighbouring cells 
  wg =  water-gas interfacial tension, N/m 
    = porosity, fraction 
 
Superscripts 
 i =  cell identifier in the discretisation along a stream line 
 n =  time level 
 
Acronyms 
 CCS  =  carbon capture and storage 
  14 
 CMC =  critical micelle concentration 
 EOR =  enhanced oil recovery 
 PV  =  pore volume 
 SAG =  surfactant-alternating-gas 
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Appendix A: Equations of Foam Model of University of Texas (UT) (Rossen et al., 1999)  
A simple mechanistic foam simulator was developed based on the “fixed-pc
*” model. Indeed, foam changes gas mobility by 
changing both the relative permeability of gas and viscosity of gas. To simplicity, the foam model of UT represents only effect 
by changing the relative permeability of gas and the viscosity of gas is fixed. Thus, the relative permeability of gas is modified 
as follows; 
 
 (A-1) 
 
 
 
 (A-2) 
 
 
 
 
 
 
 (A-3) 
 
 
  
where 
Cs = surfactant concentration in the aqueous phase, dimensionless, [%wt] 
Cs
0
 = threshold surfactant concentration for foam formation, dimensionless, [%wt] 
Sw  = water saturation, fraction 
Sw
*
  = critical water saturation at limiting capillary pressure, fraction 
R’ =  gas mobility reduction factor, dimensionless 
 = foam parameter, dimensionless 
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Appendix B: Foam Flooding Streamline-Based Simulator Algorithm 
The original flow chart was created by Alsofi and Blunt (2010) on polymer flooding using streamline-based simulation. This 
study is an extent study of non-Newtonian chemical flooding. The code was modified to support foam flooding using Hirasaki 
adn Lawson model, and UT-model. The concepts of polymer flooding and foam flooding are quite similar. An iterative 
approach is required for the pressure solution because viscosity of foam is a function of flow rate on Hirasaki and Lawson 
model. On the other hand, the pressure is also a function of viscosity. Hence, the foam model was merged into simulator at an 
iterative pressure/viscosity solver of simulator as illustrated in the following flowchart of algorithm; 
 
 
 
 
Figure B-1: Gas-surfactant streamline simulation algorithm. Bordered with red are modifications to account for foam flooding. 
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Appendix C: Examples of Code Modification in Streamline-Based Simulator 
 
readpolymer.f90 (line 33) 
. 
. 
read (scrfile,*) pdp%foam, pdp%foam_rossen 
 
if (pdp%foam=='y') then 
if (pdp%foam_rossen=='y') then 
read (scrfile,*) pdp%Rossen, pdp%pdissolve, pdp%pdissolvestar, pdp%C_Inj, pdp%satstar, pdp%epsilon 
read (scrfile,*) 
else  
read (scrfile,*) 
read (scrfile,*) pdp%pdissolve, pdp%pdissolvestar, pdp%C_Inj, pdp%satstar, pdp%bubblesize,& 
      pdp%FBeta, pdp%CInteg, pdp%bbtouch , pdp%epsilon 
endif 
else 
read (scrfile,*) 
read (scrfile,*) 
endif 
. 
. 
 
gpresolve.f90 (line 508) 
. 
. 
IF (pdp%foam == 'y') then 
 if (krg .LT. 0.0000000001) then 
 bsp(blk)%temp_multip=0 
 else 
 
  if (pdp%foam_Rossen == 'y') then   !Foam Rossen 
 if (bsp(blk)%sat < pdp%satstar - pdp%epsilon .or. bsp(blk)%pdissolve*pdp%C_Inj < pdp%pdissolvestar) then 
 bsp(blk)%temp_multip = 0 
 else if (bsp(blk)%sat >=  pdp%satstar - pdp%epsilon .and. bsp(blk)%sat <=  pdp%satstar + pdp%epsilon) then 
 bsp(blk)%temp_multip = 182+(pdp%Rossen-182)*(100*(bsp(blk)%sat-(pdp%satstar - pdp%epsilon)))-1 
 else  
 bsp(blk)%temp_multip = pdp%Rossen-1 
 endif 
 else ! Foam Rossen 
 CALL HIRASAKI_LAWSON_FOAM ( bsp(blk)%sat, avg_perm, bsp(blk)%phi, bsp(blk)%pdissolve, avg_omega, & 
      viscw, visco, krw, krg, bsp(blk)%sh_multip, bsp(blk)%temp_multip)  
 if (blk==3) print*, 'updated H', bsp(blk)%temp_multip 
 endif  
 endif 
ELSE 
 . 
 . 
  
onedgsolver.f90 (line 169) 
. 
. 
IF (pdp%foam == 'y') THEN !Siriwat's foam, 2010 
eida= bsp(blknumb(i))%sh_multip+1 
ELSE ! Alsofi, polymer, 2009 
eida=(bsp(blknumb(i))%sh_multip*bsp(blknumb(i))%poly_multip-bsp(blknumb(i))%sh_multip+1)  
END IF 
. 
. 
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onedloopsolver2p.f90 (line 200) 
. 
. 
IF (pdp%foam == 'y') THEN ! S. Vitoonkijvanich, Foam Flooding, 2010 
  if (pdp%foam_Rossen == 'y') then   !Foam Rossen 
  if (sat (i) < pdp%satstar - pdp%epsilon .or. pdissolve (i)*pdp%C_Inj < pdp%pdissolvestar) then 
   multip2 = 0 
  else if (sat (i) >=  pdp%satstar - pdp%epsilon .and. sat(i) <=  pdp%satstar + pdp%epsilon) then 
   multip2 = 182+(pdp%Rossen-182)*(100*(sat (i) -(pdp%satstar - pdp%epsilon)))-1 
  else  
   multip2 = pdp%Rossen-1 
  endif 
  else ! Foam Rossen 
    call updatemultip_slines(blk,sat(i),pdissolve(i),multip2)   ! Hirasaki and Lawson Foam Model 
  endif ! Foam Rossen 
  eida=(multip2+1) 
ELSE  ! Alsofi, Polymer Flooding, 2009 
  eida=multip*(pdp%pol_multip*pdissolve(i)+1)-multip+1 
  !ffarray(i)=1/((1-ff(sat(i),1))/ff(sat(i),1)*(multip*(pdp%pol_multip*pdissolve(i)+1)-multip+1)+1)   
END IF 
. 
. 
 
onedlsolver2p.f90 (line 259) 
.  
. 
IF (pdp%foam == 'y') THEN !Siriwat's foam, 2010 
 if (pdp%foam_Rossen == 'y') then   !Foam Rossen 
 if (sat(i) < pdp%satstar - pdp%epsilon .or. pdissolve(i)*pdp%C_Inj < pdp%pdissolvestar) then 
  multip2 = 0 
 else if (sat(i) >=  pdp%satstar - pdp%epsilon .and. sat(i) <=  pdp%satstar + pdp%epsilon) then 
  multip2 = 182+(pdp%Rossen-182)*(100*(sat(i)-(pdp%satstar - pdp%epsilon)))-1 
 else  
  multip2 = pdp%Rossen-1 
 endif 
 else ! Foam Rossen 
 call updatemultip_slines(blk,sat(i),pdissolve(i),multip2) ! Hirasaki and Lawson Foam Model 
        end if ! Foam Rossen 
 eida=(multip2+1) 
ELSE ! Alsofi, polymer, 2009 
 eida=(multip*pol_m-multip+1) 
END IF !Siriwat's foam 
. 
. 
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Appendix D: Flow Chart for Simulator Code of the Foam Model of Hirasaki and Lawson (1985)  
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Appendix E: Flow Chart for Simulator Code of the Foam Model of University of Texas (UT-Model), Rossen 
et al., (1999)  
 
 
 
 
 
 
 
 
 
 
 
 
 
Sw
* = 0.37,  = 0.01
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Appendix F: Fortran 90 code of the foam model of Hirasaki and Lawson (1985) 
 
MODULE HIRASAKI ! Siriwat Vitoonkijvanich 2010, from Hirasaki and Lawson, 1985 
IMPLICIT NONE 
CONTAINS  
SUBROUTINE HIRASAKI_LAWSON_FOAM(sat2, k, phi, pdissolve, pressgrad, watervisc, gasvisc, & 
      krw,krg, shr_multip_passed, shr_multip_new)  
USE mod_phaseprops 
USE mod_polydata  
USE mod_glbdata  
IMPLICIT NONE 
 
REAL, INTENT(IN) ::sat2, k, phi, pdissolve, pressgrad, watervisc, gasvisc, krw,krg, shr_multip_passed    
REAL, INTENT(OUT) :: shr_multip_new 
REAL :: velg, velw, C_inj, poly_multip, shr_multip_old, shr_multip,sat,ks 
REAL :: kmd, temp, expnt, error, foammultipstar_old, Rconstant 
INTEGER :: iterate, i 
CHARACTER (LEN=1):: foam_simple 
! To call this subroutine using this statement --> 
!CALL HIRASAKI_LAWSON_FOAM (sat, avg_perm, bsp(blk)%phi, bsp(blk)%pdissolve, avg_omega, & 
!     viscw, visco, krw, krg, bsp(blk)%shr_multip, bsp(blk)%temp_multip) 
REAL :: IFT, Gamma, bbvel, poresize, curvature, NLamellae, FilmL, SFTGrad, SlugL, BubbleL 
REAL :: foammultipstar, foamslug, foamshape, foamgrad 
REAL :: satstar, pdissolvestar, bubblesize, FBeta, CInteg, epsilon 
CHARACTER (Len = 3) :: bbtouch         
REAL, PARAMETER :: Pi = 3.141592654 
!Next parameters are used for codes test only 
!REAL, PARAMETER :: satstar = 0.37  ! Assume 
!!REAL, PARAMETER :: satstar = 0.03  ! Lake, EOR, 1989 !!! ??? 
!REAL, PARAMETER :: satstar = 0.37  ! W.R.Rossen, and J. Bruining, 2007 
!REAL, PARAMETER :: pdissolvestar = 0.005 ! Yi Liu et al., 2005 
!REAL, PARAMETER :: bubblesize = 0.008 ! rB = 80 micrometres, J.S. Kim, Y. Dong, and W.R. Rossen., 2004 
!REAL, PARAMETER :: bubblesize = 0.006 ! rB = 60 micron, Osterloh, and Jante, 1992 
!REAL, PARAMETER :: bubblesize = 0.0002 ! Assume for test 
!INTEGER, PARAMETER :: FBeta = 5  ! Hirasaki and Lawson, 1985 
!INTEGER, PARAMETER :: CInteg = 2 ! Hirasaki and Lawson, 1985 
!CHARACTER (Len = 3):: bbtouch = 'y'  ! J.S. Kim, Y. Dong, and W.R. Rossen., 2004 
!REAL, PARAMETER :: epsilon = 0.001 ! W.R.Rossen and J. Bruining, 2007 to reduce numerical dispersion 
 
!Initialise parameters from input file 
 satstar = pdp%satstar 
 pdissolvestar = pdp%pdissolvestar 
 bubblesize = pdp%bubblesize 
 FBeta = pdp%FBeta 
 CInteg = pdp%CInteg 
 bbtouch = pdp%bbtouch 
 epsilon = pdp%epsilon 
 C_Inj = pdp%C_Inj 
 
! This declaration is used for test run only 
sat=sat2 
  
! IF (sat .GT. .85) sat=.85 
! endif 
!k = 1.0*0.987E-12     ! 1000 md in sq m 
!phi = 0.15     ! Ran Qi et al., 2007 
!sat = 0.2     ! Reservoir saturation 
!velg = 0.01     ! Hirasaki Model = 1 cm/sec or 0.01 m/s as declared 
!pdissolve = 20    ! Normalised surfactant concentration 
!C_inj = 0.005    ! Reference surfactant concentration to generate foam 
  26 
!watervisc = 0.0005   ! Pa.s 
!gasvisc = 6.0E-5   ! Pa.s, CO2 at 80C, 27MPa (Ran Qi et al., 2007) 
!poly_multip = 2   ! Alsofi 2009 
!pressgrad = 500*3.281*6894.7567 ! 1000 psi/2 ft in Pa/m, median pressure gradient of Osterloh, Jante (1992) 
!pressgrad = 27000000   ! Ran Qi et al., 2007 
!Gamma = 0.94   ! foam quality is equal to gas saturation in absence of oil, up to 97% (Lake,1985) 
! End of declaration 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
! Parameters definitions 
 
 ! k = permeability, sq m 
 ! phi = porosity, fraction 
 ! sat = water saturation, fraction 
 ! velg = gas velocity, cm/sec 
 ! IFT = interfacial tension, N/m 
 ! pdissolve = surfactant concentration, %wt 
 ! pdissolvestar = a threshold surfactant concentration for foam formation, %wt 
 ! watervisc = water viscosity, Pa.s 
 ! gasvisc = gas viscosity, Pa.s 
 ! Gamma = foam quality or gas fractional flow, fraction 
 ! bbvel = bubble velocity, cm/sec 
 ! poresize = pore radius (R), cm 
 ! bubblesize = bubble radius (rB), cm 
 ! curvature = radius of curvature (rC), cm 
 ! NLamellae = number of equivalent lamellae per unit (nL), 1/cm 
 ! FBeta = parameter for surface tension gradient effect (Beta), cm 
 ! FilmL = dimensionless length of the thin film portion of bubble (NL) 
 ! SFTGrad = dimensionless number for surface tension gradient effect (Ns) 
 ! CInteg = coefficient from constant of integration {(P)c} 
 ! shr_multip = shear multiplier (M) in eida = PM - M +1   ! Alsofi et al, 2009 
 ! poly_multip = polymer multiplier (P) in eida = PM-M+1 use as foam_multip ! Alsofi et al  2009 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  
 error = 10  
  
!if (sat >= satstar - 2*epsilon .and. sat <= satstar-epsilon) then 
 !Rconstant = 2+ (sat - satstar)/epsilon 
 !else 
 !Rconstant = 1 
!endif  
  
 !10 FORMAT (T3, 'Perm (md)', T20, 'Gamma', T30, 'pdissolve', T40, 'shr_multip_old', T53, 'Shear Multiplier'/) 
 !20 FORMAT (F10.3, T20, F5.3, T30, F7.3, T40, F10.3, T55, F10.3) 
 
 !PRINT 10   !Heading 
 !Print*, 'sat, Gamma, velg*24*100, velw*24*100', 'shearmultip' 
 !Print*,'Sw','...','Gamma','...','GradP','...','ug','...','uw','...','H' 
 
 !Foam quality and pressure gradient 
 !sat = 0.25 
 
!Do sat = 0.2, 0.8, 0.05 
!sat = sat+0.1 
!print*, 'Sw =',sat 
!DO Gamma = 0.90, 0.99, 0.01 
!DO temp = 300, 1500, 300    !Pressure in psi/m 
!pressgrad = temp*6894.7567    !Converting pressure to Pa/m 
!print*,' this is ssat', sat 
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!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  
  shr_multip = shr_multip_passed 
  shr_multip_old = 0.0  ! Initialisation 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  
   ! Test relative permeability 
  !shr_multip = 5000.0   ! Initial guess  
  !print*, 'shear', shr_multip_old, shr_multip 
  !if (sat <= 0.1) Then  
   !krw = 0 
   !krg = 0.94*((0.9-sat)/0.8)**1.3  ! E.Ashoori et al, 2009 
   !!krg = 1  
   !!sat = 0.20000001 
  !else if (sat >= 0.9) then 
   !!krw = 1 
   !krg = 0 
   !krw = 0.2*((sat-0.1)/0.8)**4.2  ! E. Ashoori et al, 2009 
   !!sat = 0.7999999 
  !else  
   !krw = 0.2*((sat-0.2)/0.6)**4.2  ! L.Cheng et al, 2000 
   !krw = 0.2*((sat-0.1)/0.8)**4.2  ! E. Ashoori et al, 2009 
 
   !!krg = 0.94*((0.8-sat)/0.6)**1.3  ! L.Chen et al, 2000 
   !krg = 0.94*((0.9-sat)/0.8)**1.3  ! E.Ashoori et al, 2009 
 
   !end if 
   !PRINT*, 'krw =', krw 
   velw = k*krw*pressgrad/(watervisc) !water velocity is superficial velocity (Darcy) 
 
   !PRINT*, 'water velocity =', velw 
    
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  
  
iterate = 0 
 
  Foam: IF (sat < satstar-pdp%epsilon.OR. (pdissolve*C_inj) < pdissolvestar) THEN 
  !Foam: IF ((pdissolve*C_inj) < pdissolvestar) THEN 
    IFT = 0.0341 
     shr_multip = 0 
  !if (sdp%timestep==26) print*, 'pressgrad', pressgrad, k, gasvisc, watervisc, sat, krg, krw 
  !if (sdp%timestep==26) stop   
  velg = k*krg*pressgrad/((shr_multip + 1)*gasvisc)  !gas velocity is superficial velocity (Darcy) 
  Gamma = 1/(1+(krw*(gasvisc*(shr_multip + 1))/(krg*watervisc))) 
 
   ELSE Foam 
!print*,' this is sat', sat 
!gamma = 1-sat 
 Gamma = 1/(1+(krw*(gasvisc*(shr_multip + 1))/(krg*watervisc))) 
    
    
   !!!!!!!!!!!!!!!!!!!!!! Start internal loop to calculate Gamma and shear multiplier !!!!!!!!!!!!!!!!!!!!!! 
    
   DO WHILE (error > 0.01) 
   !DO WHILE (error > 0.0000001) 
  !print*,' this is sat', sat   
 
    shr_multip_old = shr_multip 
    foammultipstar_old = foammultipstar 
    iterate = iterate + 1 
    if (iterate > 1000) then 
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    print*, 'not converged' 
    STOP 
    !exit 
    end if 
!print*, iterate, shr_multip_old 
   
!print*, 'gamma',Gamma 
!print*, 'step 1' 
!print*, 'krw =', krw 
!print*, (poly_multip*shr_multip_old - shr_multip_old + 1) 
!print*, 'krg =', krg 
    !PRINT*, 'Iteration =', iterate 
    !PRINT*, 'shr_multi_old =', shr_multip_old 
    !PRINT*, 'shr_multip =', shr_multip 
    
     
 
    velg = k*krg*pressgrad/((shr_multip_old + 1)*gasvisc) 
 
 
  !!!!!!!!!!!!!!!!! Calculating interfacial tension as function of surfactant concentration !!!!!!!!!! 
 
InterfacialTension: IF (pdissolve*C_inj <= 0.01) THEN     ! Bertin et al. 1999, Alpha Olefin Sulfonate [(AOS) C14-C16]& 
! Surfactant by Shell Chemical 
   IFT = -0.18*pdissolve*C_inj+0.0349 
          ELSE InterfacialTension 
   IFT = 0.031*((pdissolve*C_inj)**(-0.014))+0.0001 
          END IF InterfacialTension 
 
  !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  
 
  !!!!! Start Hirasaki and Lawson Foam Model !!!!!!! 
  
  IF (sat==1) then 
  bbvel = 0 
  else 
  bbvel = velg/(phi*(1-sat))  
  endif     ! bubble velocity is interstitial velocity 
  poresize = 0.5*SQRT((96.0*k/phi))*100 ! Ideal rock pore size in cm, and k in sq m 
              
 ! poresize = 0.1  just for test on Hirasaki experiment 
 
  FoamType: IF (poresize <= (2.0**0.5)*bubblesize) THEN ! Individual lamellae 
      !print*, 'lamellae' 
  curvature = poresize*SQRT((1.0/(3.0*(1-Pi/4.0)))*((1-Gamma)/Gamma)*((bubblesize/poresize)**3.0)) 
  curvature_size: IF (curvature > poresize) THEN ! Figure 4, Hirasaki and Lawson, 1985 
    curvature = poresize 
    ELSE curvature_size 
    END IF curvature_size 
    NLamellae = (3.0/4.0)*Gamma*(poresize**2.0)/(bubblesize**3.0) 
    ELSE FoamType  ! Bulk foam 
      !print*, 'bulk' 
    BulkFoam: IF (Gamma <= 0.741) THEN 
      curvature = bubblesize 
      ELSE BulkFoam 
      curvature = 1.788*SQRT(1-Gamma)/(Gamma**(1.0/3.0))*bubblesize 
    END IF BulkFoam 
      NLamellae = (3.0/2.0)*(Gamma/bubblesize) 
    END IF FoamType 
 !print*, 'step 2', gamma 
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   ! print*, '2/CInteg =',(2/CInteg) 
   ! print*, 'curvature =',curvature 
   ! print*, 'BubbleL =', BubbleL 
   ! print*, '(BubbleL/curvature) =',(BubbleL/curvature) 
   ! print*, '((IFT/(3.0*watervisc*bbvel))) =',((IFT/(3.0*watervisc*bbvel)))  
   ! print*,  'bubble velocity =', bbvel 
 
 !foammultipold = foammultipstar 
 if (bbvel <= 0) then 
 shr_multip=0 
 else if (Gamma > 0.999999999999) then !!! If Gamma --> 1, divided by zero will occur 
 shr_multip=0 
 else 
  
SFTGrad = FBeta/curvature 
   
 If (NLamellae < 0.000000001) then   ! NLamellae 
  SlugL = 0 
  BubbleL =0 
 Else       ! NLamellae 
 
 BubbleTouch: IF (bbtouch == 'YES' .OR. bbtouch == 'Yes' .OR. bbtouch == 'yes' .OR. bbtouch == 'Y' & 
         OR. bbtouch == 'y') THEN 
    !print*,' touching' 
   SlugL = 0 
   BubbleL = (Gamma/NLamellae) - (2.0*curvature) + (4.0 - Pi)*(curvature**2.0)/poresize 
   ELSE BubbleTouch 
    !print*,'not touching' 
   SlugL = (1-Gamma)/NLamellae - (2.0/3.0)*poresize 
   BubbleL = (Gamma/NLamellae) - (4.0/3.0)*poresize 
   END IF BubbleTouch 
          
   IF (BubbleL < 0) THEN 
   BubbleL = 0 
   ELSE 
   END IF 
 
 End if     ! NLamellae   
 
!print*, 'step 3', 'FilmL =', FilmL 
FilmL = (2/CInteg)*(BubbleL/curvature)*((IFT/(3.0*watervisc*bbvel))**(1.0/3.0))/(SFTGrad**0.5) 
 
if (FilmL > 50) FilmL = 50 
  foamslug = SlugL*NLamellae 
  foamshape = 0.85*(NLamellae*poresize)/(curvature/poresize)*(IFT/(3.0*watervisc*bbvel))**(1.0/3.0)*& 
        ((curvature/poresize)**2.0 + 1) 
  foamgrad = (NLamellae*poresize)*(IFT/(3.0*watervisc*bbvel)) & 
        **(1.0/3.0)*((SFTGrad)**(0.5))*(1-EXP(-FilmL))/(1+EXP(-FilmL)) 
     
  foammultipstar = (foamslug + foamshape + foamgrad)  
  !foammultipstar = RConstant*(foamslug + foamshape + foamgrad) 
!print*, 'Check', RConstant 
bbvel_valid: IF ((foammultipstar*watervisc/gasvisc) < 1) THEN 
   shr_multip = 0 
   foammultipstar = gasvisc/watervisc 
   !PRINT*, 'Invalid bubble velocity' 
   !PRINT*, 'Foam Multip star =', foammultipstar 
      ELSE bbvel_valid 
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   if (sat .GT. pdp%satstar + pdp%epsilon) then 
   ks = 1 
   else 
   ks = 0.5*(1+ sat/(pdp%satstar+pdp%epsilon)) 
   endif 
   shr_multip = ((foammultipstar*watervisc/gasvisc)-1) * ks 
 
   ! shr_multip = (eida - 1) / (P -1) from eida = PM-M+1      Alsofi et al, 2009 
   !print*, 'step 5' 
  END IF bbvel_valid 
 
!print*, 'step4' 
  !temp = (4.0 - Pi)*(curvature**2.0)/poresize 
end if 
   
!print*, iterate, 'error', shr_multip - shr_multip_old 
if (shr_multip == 0) then 
error=abs(shr_multip - shr_multip_old) 
else 
error = abs(shr_multip - shr_multip_old)/shr_multip 
endif  
!error = abs(foammultipstar - foammultipstar_old)/foammultipstar 
!print*, 'error =', error 
!if (iterate == 100) STOP 
!print*,' this is sat', sat 
 Gamma = 1/(1+(krw*(gasvisc*(shr_multip + 1))/(krg*watervisc))) 
 !print*, 'Gamma =', Gamma, error, shr_multip, shr_multip_old 
 !print*, 'Gamma =', Gamma, error, foammultipstar, foammultipstar_old 
END DO 
 
  !!!!!!!!!!!!!!!!!!!! END Loop calculation !!!!!!!!!!!!!!!!!!!!! 
 
! print*,' this is sat', sat 
  
END IF Foam 
  !Print*, 'sat, Gamma, , velg*24*100, velw*24*100' 
  !PRINT*, sat, Gamma,  velg*24*100, velw*24*100, foammultipstar 
  !print*, 'foammultip =', foammultipstar   
  !print*, sat, gamma,  krg, krw, shr_multip 
  !print*, sat, krw, krg 
  !sat=sat+.1   
  !END DO 
  !END DO    
  !velg = k*krg*pressgrad/(phi*(poly_multip*shr_multip - shr_multip + 1)*watervisc) 
  !kmd = k*1000/0.987E-12 
  !Print 20, kmd, gamma, pdissolve, shr_multip_old, shr_multip  
!print*, '/' 
  !print*, '/' 
shr_multip_new = shr_multip 
!Gamma = 1/(1+(krw*(gasvisc*(poly_multip*shr_multip - shr_multip + 1))/(krg*watervisc)))  
!print*, 'check', shr_multip, foammultipstar, sat 
 
END SUBROUTINE HIRASAKI_LAWSON_FOAM 
END MODULE HIRASAKI 
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Appendix G: One-Dimensional Analytical Solution 
The Buckley-Leverett method was used to analyse foam displacement in a 1D-homogeneous reservoir. The mobility ratios 
which are used for calculating fractional flow at a given water saturation were computed based on brine and foam apparent 
viscosities from Hirasaki and Lawson model, or UT-Model. In this study, the analytical solution is used not only to validate 
the code but also to analyse the sensitivity of key parameters – fractional flow, shock front, recovery and injected pore volume 
– and their effect on foam displacement. The study assumes that foam flooding is an immiscible displacement, and gas or CO2 
is incompressible. Surfactant solution is injected into an aquifer first to saturate with surfactant followed by injected CO2 (in-
situ foam generation); for instance, this is the case in surfactant-alternating-gas (SAG) injection. The input parameters are 
shown in Error! Reference source not found.Error! Reference source not found.Table 1. 
 
 Table G-1: Input parameters for the one-dimensional analytical solution. Relative permeabilities are from Ashooti et al. (2009). 
 
 
1. Permeability Sensitivity 
Bubble velocity and capillary radius (or pore size), which affect apparent viscosity of foam, are functions of reservoir 
permeability. Permeability is derived from Poiseuille’s equation for pipe flow and is written for idealised porous rock 
as (Zimmerman, 2009): 
 
(G-1) 
 
Capillary redius can be re-arranged from this equation and written as: 
 
(G-2) 
 
  
The permeability was varied in the range of 100 md to 10 Darcy while bubble size was fixed at 60 micron. In 
addition, surfactant concentration was analysed at 0.01%wt. The results of gas fractional flow, saturation profile and 
recovery/injection profile are shown in Figure G-1Figure G-1Figure G-1. 
The results show that foam is stronger in higher permeability layers. Furthermore, foam apparent viscosity is 
higher in higher permeability layers, which leads to flow diversion and better sweep. 
 
Figure G-1: Analytical solution of permeability sensitivity. Gas fractional flow plots (fg) as a function of gas saturation (Sg) (left). Gas 
saturation profiles against dimensionless velocity (vD) ((middle). Plots of recovered water (WpD) against injected gas (tD) (right). 
 
 
 
CO2 viscosity, g 0.06 cp Endpoint water relative permeability 0.2
Water viscosity, w 0.5 cp Endpoint gas relative permeability 0.94
Corey water exponent, n 4.2 Permeability, k 100 md - 10 Darcy
Corey gas exponent, m 1.3 porosity,  0.15
Connate water, Swc 0.1 bubble size, rB 1 - 150 µm
Residual gas, Sgr 0.1 Injection rate, Q 100 m
3/d
Critical water saturation, Sw
* 0.0 Surfactant concentration, Cs 0.005 - 1 %wt
Initial water saturation, Swi 1.0 Reservoir cross-sectional area, A 100 m
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2. Bubble Size Sensitivity 
The bubble size, which determines foam texture, was varied in range of 1 micron to 120 micron while reservoir 
permeability was fixed at 1000 md. In addition, surfactant concentration was analysed at 0.01%wt. The results in 
terms of gas fractional flow, saturation profile and recovery/injection profile are shown in Figure G-2Figure G-
2Figure G-2.  The results show that for smaller bubble size the foam is stronger, apparent viscosity is higher, and 
hence sweep is better. 
 
 
Figure G-2: Analytical solution of bubble size sensitivity. Gas fractional flow plots (fg) as a function of gas saturation (Sg) (left). Gas 
saturation profiles against dimensionless velocity (vD) ((middle). Plots of recovered water (WpD) against injected gas (tD) (right). 
 
 
3. Surfactant Concentration Sensitivity 
The interfacial tension between CO2 and water is a function of surfactant concentration, as mentioned earlier. The 
surfactant concentration was varied in range of 0.005 %wt to 1 %wt while reservoir permeability was fixed at 1000 
md. In addition, the bubble size was also fixed at 60 micron. It was assumed that foam collapses below 0.005 %wt of 
surfactant concentration (Liu et al., 2005). The results in terms of gas fractional flow, saturation profile and 
recovery/injection profile are shown in Figure G-3Figure G-3Figure G-3. 
The results illustrate that foam apparent viscosity is lower at higher surfactant concentration due to lower 
interfacial tension between gas and water. However, the surfactant used in this study AOS [14-16] yields interfacial 
tensions that decrease slightly as concentration increase leading to a very slight effect on sweep efficiency. These 
results are consistent with Equation (2) that apparent viscosity is inversely proportional to the -⅓ power of surface 
tension. Also, surface tension is a function of surfactant concentration as described in Equation (6) and (7) . 
Additionally, foam is more stable at higher surfactant concentration (Lake, 1989). Moreover, many experiments show 
that the optimum concentration is approximately 0.01 – 0.1 %wt or near critical micelle concentration (CMC). 
 
 
Figure G-3: Analytical solution of surfactant concentration sensitivity. Gas fractional flow plots (fg) as a function of gas saturation (Sg) 
(left). Gas saturation profiles against dimensionless velocity (vD) ((middle). Plots of recovered water (WpD) against injected gas (tD) 
(right). 
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Appendix H: Further Code Testing 
The extended simulator was also tested to assure seamless error free runs for more complex cases; namely: 2D qualitative 
validation for homogeneous reservoir, 2D simulation for a heterogeneous reservoir and 3D simulation for a homogeneous 
reservoir. 
 
1. 2D qualitative validation for a homogeneous reservoir 
The input parameters, which were used in this validation (Table H-1Table H-1Table H-1), are from the study of 
Rossen et al. (1999) on foam displacements with multiple steady states.  
 
Table H-1: Input parameters for the two-dimensional qualitative validation for homogeneous reservoir. Relative permeabilities are 
from Rossen et al. (1999) and Cheng et al. (2000). 
 
 
The results of 1D and 2D-simulation from I-Slines were compared with Rossen et al.’s 1D-Analytical solution and 
STAR’s 1D-Simulation results as shown in Figure H-1Figure H-1Figure H-1. There were two cases studied on 
UT-model namely, CO2/surfactant simultaneously injection with 0.2 of surfactant solution fractional flow and SAG. 
Additionally, for Hirasaki and Lawson model only SAG case results is presented. 
The 2D-Simulation results in terms of saturation profiles are consistent with the 1D-Analytical Solution and 1D-
Simulation from both STAR  and I-Slines. In addition, the 2D-simulation results of Hirasaki and Lawson model has 
also good agreement with the 1D-Analytical solution / numerical simulation. However, some results show that the 
foam front moves faster along the diagonal path between the producer and injector, which could be due to non-
Newtonian effects. 
Grid size (m) 4.57 x 4.57 x 0.91 Endpoint gas relative permeability 0.94
Number of grid blocks 50 x 50 x 1 Permeability, k 1300 md
CO2 viscosity, g 0.06 cp porosity,  0.25
Water viscosity, w 0.5 cp bubble size, rB 60 µm
Corey water exponent, n 4.2 Injection rate, Q (Continuous injection) 0.159 m3/d
Corey gas exponent, m 1.3 Injection rate, Q (SAG injection) 0.127 m3/d
Connate water, Swc 0.2 Initial pressure and boundary pressure 14 MPa
Residual gas, Sgr 0.2 Total days 20,000 days
Critical water saturation, Sw
* 0.37 Surfactant concentration, Cs 0.01 %wt
Initial water saturation, Swi 1.0 Foam parameter, R 15850
Endpoint water relative permeability 0.2 Foam parameter,  0.001
Grid size (m) 4.57 x 4.57 x 0.91 Endpoint gas relative permeability 0.94
Number of grid 50 x 50 x 1 Permeability, k 1300 md
CO2 viscosity, g 0.06 cp porosity,  0.25
Water viscosity, w 0.5 cp bubble size, rB 60 µm
Corey water exponent, n 4.2 Injection rate, Q (Continuous injection)0.159 m3/d
Corey gas exponent, m 1.3 Injection rate, Q (SAG injection) 0.127 m3/d
Connate water, Swc 0.2 Initial pressure and boundary pressure 14 MPa
Residual gas, Sgr 0.2 Total days 20,000 days
Critical water saturation, Sw
* 0.37 Surfactant concentration, Cs 0.01 %wt
Initial water saturation, Swi 1.0 Foam parameter, R 15850
Endpoint water relative permeability0.2 Foam parameter,  0.001
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Figure H-1: (Left) 1D phase saturation profile from UT-model by STAR™ simulator (circles and squares), by I-Slines (red and blue 
solid line) including 2D-saturation profile from I-Slines, and analytical solution (black solid line) after 0.23 PV foam (0.2 fractional flow 
of surfactant solution) injection into brine-filled core. Parameter values are inTable H-1. J = injected foam bank, GB = gas bank, I = 
initial state bank (top), and after 0.162 PV gas injection into surfactant-filled core (bottom). (Right) 1D gas saturation profile by I-Sline 
(blue) and analytical solution (red) including 2D-saturation profile from Hirasaki and Lawson model. 
2. 2D simulator code testing for a heterogeneous reservoir 
The reservoir permeabililty in this case is based on the permeability of layer 4 of the SPE-10 model (Christie and 
Blunt, 2001). This model has higher permeability across the diagonal of the reservoir between the producer and 
injector. The input parameters are shown in Table H-2Table H-2Table H-2. 
Five cases were studied: CO2 alone injection, CO2/surfactant simultaneously injection with 0.5 of surfactant 
solution fractional flow for both foam model, and SAG for both foam model. 
These simulations, first, assure that the simulator works for predicting the performance of foam flooding a more 
complex heterogeneous reservoir. Nevertheless, the runs suggest that Hirasaki and Lawson model needs much more 
time for fine-grid simulations than is required by the UT-model. This is due to its complex solution and the viscosity 
being function of gas velocities and water saturations, which takes more time to update compared to the UT-model 
where viscosity is only function of water saturation. For instance, the run time of surfactant-alternating-gas (SAG) 
injection with Hirasaki and Lawson model is around 1440 minutes, while UT-Model run time is just 16 minutes.  
 
Table H-2: Input parameters for the two-dimensional simulator code testing for heterogeneous reservoir. Relative permeabilities are 
from Rossen et al. (2007). The reservoir permeability is based on layer 4 of the SPE-10 model. 
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Analytical Solution
Simulation
Grid size (m) 6.10 x 3.05 x 0.61 Endpoint gas relative permeability 0.657
Number of grid blocks 60 x 220 x 1 Permeability, k Heterogeneous
CO2 viscosity, g 0.06 cp porosity,  0.25
Water viscosity, w 0.5 cp bubble size, rB 60 µm
Corey water exponent, n 4.2 Injection rate, Q (Continuous injection) 1000 m3/d
Corey gas exponent, m 1.3 Injection rate, Q (SAG injection) 1000 m3/d
Connate water, Swc 0.2 Initial pressure and boundary pressure 14 MPa
Residual gas, Sgr 0 Total days 50 days
Critical water saturation, Sw
* 0.37 Surfactant concentration, Cs 0.01 %wt
Initial water saturation, Swi 1.0 Foam parameter, R 18500
Endpoint water relative permeability 0.667 Foam parameter,  0.01
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Therefore, based on that the use of UT-Model is recommended for this initial/simple study in heterogeneous 
reservoirs. In addition, these findings illustrate that in future work this issue should be investigated to allow the study 
of carbon storage in fine models with a detailed-physical foam model. 
Furthermore, the results (Figure H-2Figure H-2Figure H-2) suggest the potential of using foam to improve 
sweep efficiency for this reservoir especially CO2/surfactant simultaneous injection (CO2 and surfactant solution are 
injected into an aquifer together). Note for SAG injection (injecting surfactant solution alone into an aquifer followed 
by CO2)the foam front moves faster along the diagonal of reservoir between the producer and injector along the high 
permeability path, while for simultaneous injection, the co-injection hinders this faster movement and more uniform 
sweep is obtained.    
Finally, the results from Hirasaki and Lawson model and UT-Model are rather similar but Hirasaki and Lawson 
model predicts slightly stronger foam in SAG injection and vice versa for contious injection.  
 
 
          (a)                     (b)                             (c)                                     (d)                            (e) 
 
Figure H-2: Two-dimensional saturation profile at 0.1 PV of CO2 injected (a,b,c) and 0.065 PV of CO2 injected (d,e).  (a) CO2 alone , (b) 
SAG (UT-model), (c) SAG (Hirasaki and Lawson model), (d) continuous CO2 injected with 0.5 surfactant solution fractional flow (UT-
model), and (e) continuous CO2 injected with 0.5 surfactant solution fractional flow (Hirasaki and Lawson model). 
 
 
3. 3D simulator code testing in a homogenous reservoir 
This section looks at foam flooding a 3D homogeneous reservoir in order to assure the simulator works and to 
observe any run-time issues. The input parameters are shown in Table H-3Table H-3Table H-3.  
Five cases were studied: CO2 alone injection, CO2/surfactant simultaneously injection with 0.5 of surfactant 
solution fractional flow for both foam model, and SAG for both foam models.  
The 3D-Simulation results of saturation profile as shown in Figure H-3Figure H-3Figure H-3 are consistent with 
1D-Analytical Solution and 1D and 2D-Simulation from both STAR  and I-. Once again, Hirasaki and Lawson 
Model required much more time compared to the UT model due to its complex solution (many loops of solving). For 
example, run time of continuous gas injection with 0.5 injected surfactant solution fractional flow with Hirasaki and 
Lawson Model is 800 minutes while UT-Model run time is only 6 minutes. Thus, as in the 2D heterogenous fine 
model, the 3D results suggest that the UT-Model shall be used for this initial/simple study in 3D reservoir model—
note the results from Hirasaki and Lawson model and UT-Model are rather similar.  
 
Table H-3: Input parameters for the three-dimensional simulator code testing reservoir. Relative permeabilities are from Rossen et al. 
(2007). The reservoir model is PUNQ-S3 modified to homogeneous reservoir. 
Grid size (m) 6.10 x 3.05 x 0.61 Endpoint gas relative permeability 0.657
Number of grid 60 x 220 x 1 Permeability, k Heterogeneous
CO2 viscosity, g 0.06 cp porosity,  0.25
Water viscosity, w 0.5 cp bubble size, rB 60 µm
Corey water exponent, n 4.2 Injection rate, Q (Continuous injection)1000 m3/d
Corey gas exponent, m 1.3 Injection rate, Q (SAG injection) 1000 m3/d
Connate water, Swc 0.2 Initial pressure and boundary pressure 14 MPa
Residual gas, Sgr 0 Total days 50 days
Critical water saturation, Sw
* 0.37 Surfactant concentration, Cs 0.01 %wt
Initial water saturation, Swi 1.0 Foam parameter, R 18500
Endpoint water relative permeability0.667 Foam parameter,  0.01
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Figure H-3: Three-dimensional saturation profile at 0.211 PV of CO2 injected. CO2 alone (left). SAG injection of UT-model (top-middle). 
Continuous CO2 injected with 0.2 surfactant solution fractional flow of UT-model (bottom-middle). SAG injection of Hirasaki and 
Lawson model (top-right). Continuous CO2 injected with 0.2 surfactant solution fractional flow of Hirasaki and Lawson model (bottom-
right). 
 
 
 
 
 
 
 
 
 
Grid size (m) 20 x 20 x 10 Endpoint gas relative permeability 0.657
Number of grid blocks 19 x 28 x 5 Permeability, k 500 md
CO2 viscosity, g 0.06 cp porosity,  0.2
Water viscosity, w 0.5 cp bubble size, rB 60 µm
Corey water exponent, n 4.2 Injection rate, Q (Continuous injection) 100 m3/d
Corey gas exponent, m 1.3 Injection rate, Q (SAG injection) 100 m3/d
Connate water, Swc 0.2 Initial pressure and boundary pressure 150 kPa
Residual gas, Sgr 0 Total days 3,000 days
Critical water saturation, Sw
* 0.37 Surfactant concentration, Cs 0.01 %wt
Initial water saturation, Swi 1.0 Foam parameter, R 18500
Endpoint water relative permeability 0.667 Foam parameter,  0.01
Grid size (m) 20 x 20 x 10 Endpoint gas relative permeability 0.657
Number of grid 19 x 28 x 5 Permeability, k 500 md
CO2 viscosity, g 0.06 cp porosity,  0.2
Water viscosity, w 0.5 cp bubble size, rB 60 µm
Corey water exponent, n 4.2 Injection rate, Q (Continuous injection)100 m3/d
Corey gas exponent, m 1.3 Injection rate, Q (SAG injection) 100 m3/d
Connate water, Swc 0.2 Initial pressure and boundary pressure 150 kPa
Residual gas, Sgr 0 Total days 3,000 days
Critical water saturation, Sw
* 0.37 Surfactant concentration, Cs 0.01 %wt
Initial water saturation, Swi 1.0 Foam parameter, R 18500
Endpoint water relative permeability0.667 Foam parameter,  0.01
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Appendix I: Table and Figures of Streamline-Based Simulation Results 
 
The results of streamline-based simulation of this study are summarised in the table and figures as follows; 
 
Table I-1: Results of 16 simulation case studies. 
  
 
 
 
Injected CO2
(x106 kg)
Total Chase 
Brine 
Injected 
(PV)
Total Brine 
Injected 
(PV)
Total 
Injection 
(PV)
Trapped CO2 
(PV)
Trapping 
Efficiency
Ratio of mass of 
chase brine 
injected / mass 
of CO2 injected
Ratio of mass 
of total  brine 
injected / mass 
of CO2 injected
1 CO2 alone (fgi = 1) 1136.0 0.20 0.20 0.71 0.108 0.22 0.60 0.60
2 CO2/brine (Continuous, fgi = 0.5) 1139.6 0.41 0.91 1.42 0.144 0.29 1.20 2.67
3 CO2/brine (Continuous, fgi = 0.7) 1136.0 0.30 0.52 1.02 0.139 0.28 0.88 1.52
4 CO2/brine (Continuous, fgi = 0.85) 1143.1 0.27 0.36 0.86 0.130 0.26 0.79 1.05
5 CO2/brine (WAG, 0.5:0.5) 1140.6 0.48 0.50 1.01 0.116 0.23 1.40 1.47
6 UT-Model CO2/surfactant (Continuous, fgi = 0.5) 1136.0 0.00 0.50 1.04 0.481 0.96 0.00 1.48
7 UT-Model CO2/surfactant (Continuous, fgi = 0.7) 1136.0 0.00 0.22 0.72 0.363 0.72 0.00 0.64
8 UT-Model CO2/surfactant (Continuous, fgi = 0.85) 1136.0 0.00 0.09 0.59 0.248 0.49 0.00 0.26
9 UT-Model CO2/surfactant (SAG, 0.5:0.5) 1143.1 0.00 0.50 1.01 0.255 0.51 0.00 1.47
10 UT-Model CO2/surfactant (SAG, 0.5:0.5) x 2 cycles 1140.6 0.00 0.50 1.01 0.337 0.67 0.00 1.47
11 UT-Model CO2/surfactant (SAG, 0.3:0.7) 1136.0 0.00 0.22 0.72 0.232 0.46 0.00 0.65
12 UT-Model CO2/surfactant (SAG, 0.3:0.7) x 2 cycles 1136.0 0.00 0.22 0.72 0.285 0.57 0.00 0.65
13 UT-Model CO2/surfactant (SAG, 0.15:0.85) 1136.0 0.00 0.09 0.59 0.213 0.42 0.00 0.27
14 UT-Model CO2/surfactant (SAG, 0.15:0.85) x 2 cycles 1136.0 0.00 0.09 0.59 0.231 0.46 0.00 0.27
15 Hirasaki and Law son Model CO2/surfactant (Continuous, fgi = 0.85) 1136.0 0.00 0.09 0.59 0.259 0.52 0.00 0.26
16 Hirasaki and Law son CO2/surfactant (SAG, 0.5:0.5) x 2 cycles 1136.0 0.00 0.50 1.01 0.324 0.64 0.00 1.48
SIMULATION CASE STUDY
Injected CO2 
(x106 kg)
Total Chase 
Brine 
Injected (PV)
Total Brine 
Injected (PV)
Trapped CO2 
(PV)
Trapping 
efficiency
Total 
Injection
Mass of total 
brine injected 
/ mass of CO2 
Injected
Mass of chase 
brine injected 
/ mass of CO2 
Injected
1 CO2 Alone (fgi = 1) 1136.0 0.20 0.20 0.108 0.22 0.71 0.60 0.60
2 CO2/Brine (Continuous fgi = 0.5) 1139.6 0.41 0.91 0.144 0.29 1.42 2.67 1.20
3 CO2/Brine (Continuous fgi = 0.7) 1136.0 0.30 0.52 0.139 0.28 1.02 1.52 0.88
4 CO2/Brine (Continuous fgi = 0.85) 1143.1 0.27 0.36 0.130 0.26 0.86 1.05 0.79
5 CO2/Brine (WAG, 0.5:0.5) 1140.6 0.48 0.50 0.116 0.23 1.01 1.47 1.40
6 UT-Model CO2/Surfactant (Continuous, fgi = 0.5) 1136.0 0.00 0.50 0.481 0.96 1.01 1.48 0.00
7 UT-Model CO2/Surfactant (Continuous, fgi = 0.7) 1136.0 0.00 0.22 0.363 0.72 0.72 0.64 0.00
8 UT-Model CO2/Surfactant (Continuous, fgi = 0.85) 1136.0 0.00 1.14 0.248 0.49 1.65 3.37 0.00
9 UT-Model CO2/Surfactant (SAG, 0.5:0.5) 1143.1 0.00 0.50 0.255 0.51 1.01 1.47 0.00
10 UT-Model CO2/Surfactant (SAG, 0.5:0.5) x 2 cycles 1140.6 0.00 0.50 0.337 0.67 1.01 1.47 0.00
11 UT-Model CO2/Surfactant (SAG, 0.3:0.7) 1136.0 0.00 0.22 0.232 0.46 0.72 0.65 0.00
12 UT-Model CO2/Surfactant (SAG, 0.3:0.7) x 2 cycles 1136.0 0.00 0.22 0.285 0.57 0.72 0.65 0.00
13 UT-Model CO2/Surfactant (SAG, 0.15:0.85) 1136.0 0.00 0.09 0.213 0.42 0.59 0.27 0.00
14 UT-Model CO2/Surfactant (SAG, 0.15:0.85) x 2 cycles 1136.0 0.00 0.09 0.231 0.46 0.59 0.27 0.00
15 Hirasaki and Lawson CO2/Surfactant (Continuous, fgi = 0.85) 1136.0 0.00 0.09 0.259 0.52 0.59 0.26 0.00
16 Hirasaki and Lawson CO2/Surfactant (SAG, 0.5:0.5) x 2 cycles 1136.0 0.00 0.50 0.324 0.64 1.01 1.48 0.00
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Figure I-1: Plots of volume of recovered water (PV) against volume of injected CO2 (PV) during CO2 injection (drainage) process.  
 
 
 
 
 
 
 
  
 
 
 
 
Figure I-2: Plots of volume of recovered CO2 (PV) against volume of injected chase brine (PV) during chase brine injection 
(imbibitions) process of no foam case. 
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Figure I-3: Plots of volume of recovered CO2 (PV) against volume of total injection (PV) throughout CO2 storage process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix J: Figures of the water saturation profile, recovered displaced fluid and injected fluid profile of 
each simulation case study 
 
Case 1: CO2 injection alone (fgi = 1) 
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Figure J-1: Water saturation profiles of CO2 injection alone (fgi = 1) case. Injected CO2 = 0.5 PV or mobile CO2 saturation (left). Injected 
chase brine to trap = 0.25 PV or trapped CO2 saturation (right). 
 
 
 
 
 
 
 
Figure J-2: Plot of recovered fluid against injected fluid of CO2 injection alone (fgi = 1) case. Plot of recovered water (PV) against 
injected CO2 (PV) during drainage process (left), plot of recovered CO2 (PV) against injected chase brine (PV) during imbibition or 
trapping process (middle), plot of recovered CO2 (PV) against total injection including injected CO2, co-injected brine or surfactant, 
and injected chase brine from beginning to end of simulation or throughout CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 2: Continuous CO2 injection with 0.5 injected brine fractional flow (fgi = 0.5) 
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Figure J-3: Water saturation profiles of continuous CO2 injection with 0.5 injected brine fractional flow (fgi = 0.5) case. Injected CO2 = 
0.5 PV or mobile CO2 saturation (left). Injected chase brine to trap = 0.33 PV or trapped CO2 saturation (right). 
 
 
 
 
 
 
 
Figure J-4: Plot of recovered fluid against injected fluid of continuous CO2 injection with 0.5 injected brine fractional flow (fgi = 0.5) 
case. Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of recovered CO2 (PV) against 
injected chase brine (PV) during imbibition or trapping process (middle), plot of recovered CO2 (PV) against total injection including 
injected CO2, co-injected brine or surfactant, and injected chase brine from beginning to end of simulation or throughout CO2 storage 
process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 3: Continuous CO2 injection with 0.3 injected brine fractional flow (fgi = 0.7) 
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Figure J-5: Water saturation profiles of continuous CO2 injection with 0.3 injected brine fractional flow (fgi = 0.7) case. Injected CO2 = 
0.5 PV or mobile CO2 saturation (left). Injected chase brine to trap = 0.68 PV or trapped CO2 saturation (right). 
 
 
 
 
 
 
 
Figure J-6: Plot of recovered fluid against injected fluid of continuous continuous CO2 injection with 0.3 injected brine fractional flow 
(fgi = 0.7) case. Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of recovered CO2 (PV) 
against injected chase brine (PV) during imbibition or trapping process (middle), plot of recovered CO2 (PV) against total injection 
including injected CO2, co-injected brine or surfactant, and injected chase brine from beginning to end of simulation or throughout 
CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 4: Continuous CO2 injection with 0.15 injected brine fractional flow (fgi = 0.85) 
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Figure J-7: Water saturation profiles of continuous CO2 injection with 0.15 injected brine fractional flow (fgi = 0.85) case. Injected CO2 
= 0.5 PV or mobile CO2 saturation (left). Injected chase brine to trap = 0.33 PV or trapped CO2 saturation (right). 
 
 
 
 
 
 
 
Figure J-8: Plot of recovered fluid against injected fluid of continuous continuous CO2 injection with 0.15 injected brine fractional flow 
(fgi = 0.85) case. Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of recovered CO2 (PV) 
against injected chase brine (PV) during imbibition or trapping process (middle), plot of recovered CO2 (PV) against total injection 
including injected CO2, co-injected brine or surfactant, and injected chase brine from beginning to end of simulation or throughout 
CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 5: Water-Alternating-Gas (WAG) injection (0.5:0.5) x [2 cycles] 
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Figure J-9: Water saturation profiles  of Water-Alternating-Gas (WAG) injection (0.5:0.5) x [2 cycles] case. (Left to right) injected CO2 = 
0.25 [cycle 1], injected alternating brine = 0.25 PV [cycle 2], injected CO2 = 0.5 PV [cycle 2] or mobile CO2 saturation, injected chase 
brine to trap = 0.25 PV or trapped CO2 saturation. 
 
 
 
 
 
 
 
Figure J-10: Plot of recovered fluid against injected fluid of Water-Alternating-Gas (WAG) injection (0.5:0.5) x [2 cycles] case. Plot of 
recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of recovered CO2 (PV) against injected chase brine 
(PV) during imbibition or trapping process (middle), plot of recovered CO2 (PV) against total injection including injected CO2, co-
injected brine or surfactant, and injected chase brine from beginning to end of simulation or throughout CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 6: Continuous CO2 injection with 0.5 injected surfactant solution fractional flow (fgi = 0.5) (UT-model) 
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Figure J-11: Water saturation profiles  of continuous CO2 injection with 0.5 injected surfactant solution fractional flow (fgi = 0.5) case 
(UT-model). Injected CO2 = 0.2 PV of CO2 saturation (left). Injected CO2 = 0.5 PV of CO2 saturation (immobile CO2) (right). 
 
 
 
 
 
 
 
Figure J-12: Plot of recovered fluid against injected fluid of continuous CO2 injection with 0.5 injected surfactant solution fractional 
flow (fgi = 0.5) case (UT- model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of 
recovered CO2 (PV) against total injection including injected CO2, and co-injected brine or surfactant, beginning to end of simulation 
or throughout CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 7: Continuous CO2 injection with 0.3 injected surfactant solution fractional flow (fgi = 0.7) (UT-model) 
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Figure J-13: Water saturation profiles  of continuous CO2 injection with 0.3 injected surfactant solution fractional flow (fgi = 0.7) case 
(UT-model). Injected CO2 = 0.2 PV of CO2 saturation (left). Injected CO2 = 0.5 PV of CO2 saturation (immobile CO2) (right). 
 
 
 
 
 
 
 
Figure J-14: Plot of recovered fluid against injected fluid of continuous CO2 injection with 0.3 injected surfactant solution fractional 
flow (fgi = 0.7) case (UT- model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of 
recovered CO2 (PV) against total injection including injected CO2, and co-injected brine or surfactant, beginning to end of simulation 
or throughout CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 8: Continuous CO2 injection with 0.15 injected surfactant solution fractional flow (fgi = 0.85) (UT-
model) 
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Figure J-15: Water saturation profiles  of continuous CO2 injection with 0.15 injected surfactant solution fractional flow (fgi = 0.85) 
case (UT-model). Injected CO2 = 0.2 PV of CO2 saturation (left). Injected CO2 = 0.5 PV of CO2 saturation (immobile CO2) (right). 
 
 
 
 
 
 
 
Figure J-16: Plot of recovered fluid against injected fluid of continuous CO2 injection with 0.15 injected surfactant solution fractional 
flow (fgi = 0.85) case (UT- model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of 
recovered CO2 (PV) against total injection including injected CO2, and co-injected brine or surfactant, beginning to end of simulation 
or throughout CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 9: Injected 0.5 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.5:0.5) (UT-model) 
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Figure J-17: Water saturation profiles of injected 0.5 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.5:0.5) case (UT-model). Injected 
CO2 = 0.2 PV of CO2 saturation (left). Injected CO2 = 0.5 PV of CO2 saturation (immobile CO2) (right). 
 
 
 
 
 
Figure J-18: Plot of recovered fluid against injected fluid of injected 0.5 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.5:0.5) case 
(UT-model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of recovered CO2 (PV) against 
total injection including injected CO2, and co-injected brine or surfactant, beginning to end of simulation or throughout CO2 storage 
process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 10: Injected 0.25 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.5:0.5) x [2 cycles] (UT-model) 
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Figure J-19: Water saturation profiles of injected 0.25 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.5:0.5) x [2 cycles] case (UT-
model). Injected CO2 = 0.25 [cycle 1] (left). Injected alternating surfactant solution = 0.5 PV [cycle 2] (middle). Injected CO2 = 0.5 PV of 
CO2 saturation (immobile CO2) (right). 
 
 
 
 
 
 
 
Figure J-20: Plot of recovered fluid against injected fluid of injected 0.25 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.5:0.5) x [2 
cycles] case (UT-model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of recovered CO2 
(PV) against total injection including injected CO2, and co-injected brine or surfactant, beginning to end of simulation or throughout 
CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 11: Injected 0.21 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.3:0.7) (UT-model) 
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Figure J-21: Water saturation profiles of injected 0.21 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.3:0.7) case (UT-model). Injected 
CO2 = 0.2 PV of CO2 saturation (left). Injected CO2 = 0.5 PV of CO2 saturation (immobile CO2) (right). 
 
 
 
 
 
 
Figure J-22: Plot of recovered fluid against injected fluid of injected 0.21 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.3:0.7) case 
(UT-model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of recovered CO2 (PV) against 
total injection including injected CO2, and co-injected brine or surfactant, beginning to end of simulation or throughout CO2 storage 
process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 12: Injected 0.105 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.3:0.7) x [2 cycles] (UT-model) 
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Figure J-23: Water saturation profiles of injected 0.105 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.3:0.7) x [2 cycles] case (UT-
model). Injected CO2 = 0.25 [cycle 1] (left). Injected alternating surfactant solution = 0.21 PV [cycle 2] (middle). Injected CO2 = 0.5 PV of 
CO2 saturation (immobile CO2) (right). 
 
 
 
 
 
 
 
Figure J-24: Plot of recovered fluid against injected fluid of injected 0.105 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.3:0.7) x [2 
cycles] case (UT-model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of recovered CO2 
(PV) against total injection including injected CO2, and co-injected brine or surfactant, beginning to end of simulation or throughout 
CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 13: Injected 0.09 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.15:0.85) (UT-model) 
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Figure J-25: Water saturation profiles of injected 0.09 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.15:0.85) case (UT-model). 
Injected CO2 = 0.22 PV of CO2 saturation (left). Injected CO2 = 0.5 PV of CO2 saturation (immobile CO2) (right). 
 
 
 
 
 
 
 
Figure J-26: Plot of recovered fluid against injected fluid of injected 0.09 PV of Surfactant – Alternating – 0.5 PV of CO2 (0.15:0.85) 
case (UT-model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of recovered CO2 (PV) 
against total injection including injected CO2, and co-injected brine or surfactant, beginning to end of simulation or throughout CO2 
storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 14: Injected 0.045 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.15:0.85) x [2 cycles] (UT-model) 
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Figure J-27: Water saturation profiles of injected 0.045 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.15:0.85) x [2 cycles] case 
(UT-model). Injected CO2 = 0.25 [cycle 1] (left). Injected alternating surfactant solution = 0.09 PV [cycle 2] (middle). Injected CO2 = 0.5 
PV of CO2 saturation (immobile CO2) (right). 
 
 
 
 
 
 
 
Figure J-28: Plot of recovered fluid against injected fluid of injected 0.045 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.15:0.85) x 
[2 cycles] case (UT-model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot of recovered 
CO2 (PV) against total injection including injected CO2, and co-injected brine or surfactant, beginning to end of simulation or 
throughout CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 15: Continuous CO2 injection with 0.15 injected surfactant solution fractional flow (fgi = 0.85) (Hirasaki 
and Lawson model) 
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Figure J-29: Water saturation profiles  of continuous CO2 injection with 0.15 injected surfactant solution fractional flow (fgi = 0.85) 
case (Hirasaki and Lawson model). Injected CO2 = 0.26 PV of CO2 saturation (left). Injected CO2 = 0.5 PV of CO2 saturation (immobile 
CO2) (right). 
 
 
 
 
 
 
 
Figure J-30: Plot of recovered fluid against injected fluid of continuous CO2 injection with 0.15 injected surfactant solution fractional 
flow (fgi = 0.85) case (Hirasaki and Lawson model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process 
(left), plot of recovered CO2 (PV) against total injection including injected CO2, and co-injected brine or surfactant, beginning to end of 
simulation or throughout CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case 16: Injected 0.25 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.5:0.5) x [2 cycles] (Hirasaki and 
Lawson model) 
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Figure J-31: Water saturation profiles of injected 0.25 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.5:0.5) x [2 cycles] case 
(Hirasaki and Lawson model). Injected CO2 = 0.25 [cycle 1] (left). Injected alternating surfactant solution = 0.5 PV [cycle 2] (middle). 
Injected CO2 = 0.5 PV of CO2 saturation (immobile CO2) (right). 
 
 
 
 
 
 
 
Figure J-32: Plot of recovered fluid against injected fluid of injected 0.25 PV of Surfactant – Alternating – 0.25 PV of CO2 (0.5:0.5) x [2 
cycles] case (Hirasaki and Lawson model). Plot of recovered water (PV) against injected CO2 (PV) during drainage process (left), plot 
of recovered CO2 (PV) against total injection including injected CO2, and co-injected brine or surfactant, beginning to end of 
simulation or throughout CO2 storage process (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix K: Milestones in CO2 storage using gas-surfactant injection study 
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Paper Number Year Title Authors Contribution 
SPE 12129 1985 Mechanisms of Foam 
Flow in Porous Media: 
Apparent Viscosity in 
Smooth Cappillaries 
G.J. Hirasaki, and 
J.B. Lawson 
Calculate apparent viscosity as function of 
bubble size, capillary radius, ratio of bubble 
radius to capillary radius, velocity, quality, 
and surface tension gradient. 
SPE 14394 1985 Surfactants for CO2 Foam 
Flooding 
J.K. Borchardt, D.B. 
Bright, M.K. 
Dickson, and S.L. 
Wellington 
Determine and rank the best surfactants in 
term of foam stability and foam sensitivity to 
the presence of crude oil, fluid salinity, pH, 
and temperature. 
ISBN-0-13-281601-6 1989 Enhance Oil Recovery Larry W. Lake Explain the fundamental and principle of 
foam flooding 
SPE 37221 1997 Assessment of Foam 
Properties and 
Effectiveness in Mobility 
Reduction for CO2-Foam 
Floods 
Jyun-Syung Tsau, 
and Reid B. Grigg 
Experiments related with foam properties, for 
instance, foam durability test and foam 
mobility test, were performed to determine 
correlation between foam stability and foam 
mobility. In addition, the optimum surfactant 
concentration at which the stablest foam is 
formed is determined. 
 
SPE 57678 1999 Simplified Mechanistic 
Simulation of Foam 
Processes in Porous 
Media 
W.R. Rossen, S.C. 
Zeilinger, J.X. Shi, 
M.T. Lim. 
Conclude the best foam flow model, so-
called the simple fixed-pc* for a variety of 
foam data and compare its results to 
analytical solutions 
SPE 59287 2000 Simulating Foam 
Processes at High and 
Low Foam Qualities 
L. Cheng, A.B. 
Reme, D. Shan, 
D.A. Coombe, and 
W.R. Rossen 
Develop most widely two foam simulators, 
namely STAR
TM
 and UT model to fit steady-
state foam behaviour in high and low 
qualities foam 
SPE 89351 2004 Steady-State Flow 
Behaviour of CO2 Foam 
J.S. Kim, Y. Dong, 
W.R. Rossen 
Perform experiments to conclude the flow 
behavior of foam flow in porous media at 
backpressure of 1500 or 2000 psig, above, 
below and room temperature in sandpacks, 
fired Berea, and fired Boise sandstone 
SPE 96448 2005 Relative permeability 
hysteresis: trapping 
models and application to 
geological CO2 
sequestration 
E.J. Spiteri, R. 
Juanes, M.J. Blunt, 
and F.M. Orr Jr. 
This paper proposes a relative permeability 
hysteresis model which is applicable for the 
entire range of rock wettability conditions. 
SPE 89397 2007 Foam Displacements with 
Multiple Steady States 
W.R. Rossen, and J. 
Bruining 
Construct fractional-flow solutions for several 
cases as multi-steady states 
Paper Number Year Title Authors Contribution 
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SPE 109905 2007 Design of Carbon Dioxide 
Storage in a North Sea 
Aquifer Using Streamline-
Based Simulation 
R. Qi, V. Beraldo, T. 
La Force, and M.J. 
Blunt 
Demonstrated optimal the CO2 injection 
strategies by injecting CO2 mixed with brine 
at fractional flow between 85-100% followed 
by a short period of chase brine 
SPE 113370 2008 A Novel Foam Concept 
with CO2 Dissolved 
Surfactants 
Viet Q. Le, and 
Quoc P. Nguyen 
Compare the results of novel injection 
strategies which involves dissolving the 
surfactant in the CO2 namely, conventional 
SAG and WAG, novel WAG, and novel CO2 
injection from simulation and foam 
corefloods. 
SPE 115663 2008 Design of Carbon Dioxide 
Storage in Oilfields 
R. Qi, T. La Force, 
and M.J. Blunt 
Extend study of the SPE 109905 to inject 
more water than optimum WAG into 
depleted oil and gas reservoir which leads to 
improve storage of CO2 and increases the 
field field rather than gives the fastest oil 
recovery but earlier CO2 breakthrough 
SPE 121579 2009 Fractional-Flow Theory of 
Foam Displacements with 
Oil 
E. Ashoori, T.L.M. 
van der Heijden, and 
W.R. Rossen 
Explain fractional-flow method for foam 
injection. 
Simulations to verify the solutions obtained 
with fractional flow methods and illustrate the 
challenges of accurate simulation of these 
processes. 
SPE 123971 2009 Streamline-Based 
Simulation of Non-
Newtonian Polymer 
Flooding 
A.M.Alsofi, and 
Martin J Blunt 
Develop a streamline-based simulation that 
demonstrate how it can be used to design 
polymer flooding project as non-Newtonian 
fluid 
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SPE 12129 (1985) 
Mechanisms of Foam Flow in Porous Media: Apparent Viscosity in Smooth Cappillaries 
 
Authors: 
G.J. Hirasaki, and J.B. Lawson 
 
Contribution to the understanding of apparent foam viscosity: 
Calculate apparent viscosity as function of bubble size, capillary radius, ratio of bubble radius to capillary radius, velocity, 
quality, and surface tension gradient 
 
Objective of the paper: 
The objective is to determine the relationship between flow rate and pressure drop for flow of foam through a capillary. 
This relationship is described by an apparent viscosity. 
 
Methodology used: 
Inject foam through a bundle of interconnected capillaries of different sizes and containing constrictions. All capillary 
sections, or pores, near to one another have the same capillary pressure. Then, it is measured the pressure drop and flow rate. 
 
Conclusion reached: 
It concludes measurements and theory explaining the most important variable affecting foam viscosity in uniform, smooth 
capillaries is foam texture (bubble size). In addition, it is to describe that the principal factors affecting apparent viscosity of 
foam in uniform capillaries are dynamic changes at gas/liquid interfaces. 
 
Comments: 
In practical, it is very difficult to measure the textures such as bubble size, length of thin film portion of bubble, length of 
liquid slug, radius of curvature, etc. Hence, the determination of apparent viscosity of this approach may not be the appropriate 
way.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Paper Number]  59 
SPE 14394 (1985) 
Surfactants for CO2 Foam Flooding 
 
Authors: 
J.K. Borchardt, D.B. Bright, M.K. Dickson, and S.L. Wellington 
 
Contribution to the understanding of surfactants for CO2 foam flooding: 
Determine and rank the best surfactants in term of foam stability and foam sensitivity to the presence of crude oil, fluid 
salinity, pH, and temperature. 
 
Objective of the paper: 
To examine the performance of more than 40 surfactants in one atmosphere (1.01 x 10
5
 Pa) foaming experiments. Several 
classes of surfactants were studied including alcohol ethoxylates, alcohol ethoxysulfates, alcohol ethoxyethylsulfonates and 
alcohol ethoxyglycerylsulfonates. 
 
Methodology used: 
Surfactants which performed well in one atmosphere foaming experiment were also good foaming agents in sight cell and 
core flood experiments performed in the presence of CO2 and reservoir fluids under realistic reservoir temperature and 
pressure conditions. 
 
Conclusion reached: 
The alcohol ethoxyglycerylsulfonate (AEGS) surfactants which performed best in the one atmosphere foaming 
experiments in the presence of oil, both refined and crude, prevented gravity override and viscous instabilities enabling high 
pressure CO2 to displace all the oil in tertiary first contact miscible (FCM) core floods in a piston-like manner. In addition, 
surfactant foaming properties are related to surfactant chemical structure parameters such as hydrophobe size, ethylene oxide 
chain length, and hydrophile functional group whereas the pressure difference does not affect to foaming performance. 
 
Comments: 
The paper studied the surfactant foaming properties only two various pressures (one atmosphere and 2500 psig), and 
temperatures (25C and 75C). The surfactant properties may not have the same trend of behavior beyond this condition.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  60 
ISBN-0-13-281601-6 (1989) 
Enhance Oil Recovery 
 
Authors: 
Larry W. Lake 
 
Contribution to the understanding of foam flooding: 
Explain the fundamental and principle of foam flooding 
 
Objective of the paper: 
The objective is to describe the methods of enhance oil recovery (EOR) and explain how to improve oil production from 
these methods. 
 
Methodology used: 
Explain theory based on physics, chemistry principal, and several experiments from many literatures. Particularly, foam 
flooding method is described about foam stability, foam measures, and mobility reduction. 
 
Conclusion reached: 
The text book shows the foam theory and concludes that the viscosity is inversely proportional to viscosity to the 1/3 
power. 
 
Comments: 
This text book shows the general foam physical to understand foam function very well but there is no any important 
equation to code in simulator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Paper Number]  61 
SPE 37221 (1997) 
Assessment of Foam Properties and Effectiveness in Mobility Reduction for CO2-Foam Floods 
 
Authors: 
Jyun-Syung Tsau, and Reid B. Grigg 
 
Contribution to the understanding of foam properties and effectiveness in mobility reduction: 
Experiments related with foam properties, for instance, foam durability test and foam mobility test, were performed to 
determine correlation between foam stability and foam mobility. In addition, the optimum surfactant concentration at which 
the stablest foam is formed is determined. 
 
Objective of the paper: 
To evaluate foam properties in porous media and in the bulk phase for possible correlation by using two laboratory 
assessment methods 
 
Methodology used: 
The foaming ability of surfactant with dense carbon dioxide (CO2) and durability of foam in the bulk phase were first 
tested in a device designed to select surfactants that might be suitable for the stabilization of bubble-films or lamellae at 
reservoir condition. The following properties of foam were then evaluated in a composite core consisting of two differing 
permeability sections, which are in capillary contact and arranged in series. 
 
Conclusion reached: 
This assessment results indicate that effectiveness of mobility reduction of foam in porous media is strongly correlated 
with the stability of foam in the bulk phase. The mobility reduction factor also increases with the reduction of interfacial 
tension between CO2 and aqueous phase. 
 
Comments: 
This paper is useful for designing the optimal strategies of foam flooding in term of foam mobility and surfactant 
concentration. 
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SPE 57678 (1999) 
Simplified Mechanistic Simulation of Foam Processes in Porous Media 
 
Authors: 
W.R. Rossen, S.C. Zeilinger, J.X. Shi, M.T. Lim 
 
Contribution to the understanding of foam flow simulation model in porous media: 
Conclude the best foam flow model, so-called the simple fixed-pc* for a variety of foam data and compare its results to 
analytical solutions 
 
Objective of the paper: 
To determine the best approach to solve the differential equations for transport of the various phases and components and 
predict performance on foam mobility which depends on a complex way on bubble size, or foam texture, and capillary 
pressure. 
 
Methodology used: 
There are several approaches to handle the complexity of foam mobility such as a foam simulator based on the fixed-pc* 
model, analytical solution based on fractional-flow methods. Both methods were studied with two differences injection 
strategies, namely steady injection of foam, and alternate injection of liquid and gas. In addition, the 2D application of 
simulator was conducted to describe gravity override and capillary crossflow. 
 
Conclusion reached: 
The fixed-pc* is the best model for a variety of foam data in the literature. The success of foam processes that alternate 
injection of gas and liquid (SAG processes) depends on foam behavior at extremely low water fractional flow. 
 
Comments: 
The fixed-pc* model assumes the single capillary pressure in reservoir in strong foams. In addition, there is only single 
water saturation because capillary pressure is the function of water saturation. This approach is valid for simple model or 
homogeneous model. In reality, the capillary pressure depends on pore size of reservoir as well. Thus, this model may be 
invalid for complex reservoir or heterogeneous reservoir. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Paper Number]  63 
SPE 59287 (2000) 
Simulating Foam Processes at High and Low Foam Qualities 
 
Authors: 
L. Cheng, A.B. Reme, D. Shan, D.A. Coombe, and W.R. Rossen 
 
Contribution to the understanding of foam model for simulation: 
Develop most widely two foam simulators, namely STAR
TM
 and UT model to fit steady-state foam behaviour in high and 
low qualities foam 
 
Objective of the paper: 
The objective is to describe for fitting simulator parameters to a set of steady-state coreflood data by foam and show the 
examples. It is also to explain the flow behavior of high-quality and low-quality regime and give the equation. 
 
Methodology used: 
This paper shows how to fit the parameters of both STARS
TM
 and UT model to steady-state laboratory coreflood data to 
represent both foam-flow regimes. It defines a minimum set of data needed to fit these parameters and evaluates and illustrates 
the fits attainable with both models. Foam injectivity increase by low-quality regime, the success of foam in overcoming 
gravity override and in diverting flow between layers are examined by conservation of mass or material balance equation. In 
addition, foam behavior is considered only in the absence of oil. 
 
Conclusion reached: 
Two foam-simulation algorithms both fit foam behavior in both the high-quality and low-quality foam-flow regimes 
reasonably well.  
 
Comments: 
This paper considers only foam flow in the absence of oil. As we know that, the oil will make foam collapse. Therefore, it 
over-estimates the results if it is used to applied to oil reservoir. 
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SPE 89351 (2004) 
Steady-State Flow Behaviour of CO2 Foam 
 
Authors: 
J.S. Kim, Y. Dong, W.R. Rossen 
 
Contribution to the understanding of flow behavior of CO2 foam in porous media: 
Perform experiments to conclude the flow behavior of foam flow in porous media at backpressure of 1500 or 2000 psig, 
above, below and room temperature in sandpacks, fired Berea, and fired Boise sandstone 
 
Objective of the paper: 
To study steady-state flow behavior of CO2 foam from experiments and explain the new flow regime behavior observed at 
room temperature in addition to two conventional foam-flow regimes found below the critical temperature of CO2. 
 
Methodology used: 
Experiments were performed by injecting foam which was generated by coinjection of CO2 and surfactant solution into a 
sandpack and fired Berea and Boise sandstone cores at a backpressure of 1500 or 2000 psig, above and below the critical 
temperature of CO2. After steady state is achieved, liquid injection rate, gas injection rate, or both are changed to obtain a new 
data point on a contour plot between superficial gas velocities and superficial liquid velocities to determine flow regime. 
 
Conclusion reached: 
The new flow behavior was found at room temperature in all samples in addition to conventional high-quality and low-
quality foam flow regimes. In this new flow regime, pressure gradient decreases as liquid superficial velocity increases at 
constant gas superficial velocity. The same behavior was observed in the sandpack above the critical temperature of CO2. The 
earlier published studies of CO2 foam flow never observed two conventional foam-flow regimes simultaneously. However, the 
Boise sandstone experiment above the critical temperature of CO2 did find both conventional foam-flow regimes. 
 
Comments: 
The paper showed that the different core samples concluded different results above the critical temperature of CO2. 
Therefore, the further study would be required to explain why some cores obtained different results above the critical 
temperature of CO2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Paper Number]  65 
SPE 96448 (2005) 
Relative permeability hysteresis: trapping models and application to geological CO2 sequestration 
 
Authors: 
E.J. Spiteri, R. Juanes, M.J. Blunt, and F.M. Orr Jr. 
 
Contribution to the understanding of CO2 trapping model: 
This paper proposes a relative permeability hysteresis model which is applicable for the entire range of rock wettability 
conditions. 
 
Objective of the paper: 
To demonstrate the importance of analysis for CO2 trapping which is non-wetting phase in the relative permeability model 
for estimating the distribution and mobility of CO2 in reservoir. 
 
Methodology used: 
A quadratic expression of non-monotonic behavior is used between the trapped oil saturation and the initial oil saturation 
to fit the trapping curves into the entire range of rock wettability. The parameters of the expression are adjusted to minimize 
the least squared error between the prediction and the pore-network simulation data. 
 
Conclusion reached: 
The trapping and relative permeability hysteresis analysis of the CO2 phase is necessary to accurately characterize the 
migration and final distribution of the injected CO2. Trapping of the CO2 leads to more favorable scenarios for sequestration 
purposes. Effectiveness of sequestration of the CO2 increases by injecting higher rates . Finally, the injection of chase water 
after CO2 injection increases the efficiency of CO2 storage. 
 
Comments: 
The fit trapping curves tends to slightly overestimate the trapped oil saturation at high oil saturation for entire rock 
wettability conditions. 
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SPE 89397 (2007) 
Foam Displacements with Multiple Steady States 
 
Authors: 
W.R. Rossen, and J. Bruining 
 
Contribution to the understanding of foam displacement: 
Construct fractional-flow solutions for several cases as multi-steady states such as surfactant-alternating-gas (SAG). 
 
Objective of the paper: 
The objective is to show the fraction-flow solution for a SAG foam flood with a fractional-flow function fw(Sw) that is 
either multivalued in Sw or comprises two distinct foam regimes. It is also to demonstrate a solution that satisfies a traveling-
wave shock solution at the leading edge of the displacement. 
 
Methodology used: 
The fractional-flow solution is derived for cases where there is a change in the capillary-pressure between foam regimes. 
There can be an additional foam bank when the capillary-pressure function changes between regimes, with a radical effect on 
mobility control in some case. The solution for a SAG displacement is presented in terms of rectilinear flow. The governing 
equation for an immiscible two-phase (gas/water), two component displacements in rectilinear flow through a porous medium 
are given. 
 
Conclusion reached: 
A number of experimental and theoretical studies suggest that the fractional-flow function for some foam processes is 
either multivalued in Sw. In addition, the differences between capillary-pressure functions for strong foam and weak foam or 
no foam are plausible and have experiment support. They can exert a strong influence on field-scale displacement once the 
differences exist. 
 
Comments: 
This paper also demonstrates the foam model based on fit data of Persoff et al. which might be useful to construct the foam 
model in streamline-based simulation. 
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SPE 109905 (2007) 
Design of carbon dioxide storage in a North Sea aquifer using streamline-based simulation 
 
Authors: 
R. Qi, V. Beraldo, T. La Force, and M.J. Blunt 
 
Contribution to the understanding of CO2 storage in aquifer injection: 
Demonstrated optimal the CO2 injection strategies by injecting CO2 mixed with brine at fractional flow between 85-100% 
followed by a short period of chase brine 
 
Objective of the paper: 
To propose injecting CO2 and brine together to improve the storage efficiency of the injection process and design an 
injection strategy that maximises the storage efficiency in aquifers and minimises the total amount of brine injected. 
 
Methodology used: 
A carbon storage strategy is proposed where CO2 and brine are injected into an aquifer simultaneously, followed by brine 
injection alone (chase brine). This design through a combination of 1D and 3D streamline-based simulations is to analyse the 
mobility ratio and fraction flow with analytical solutions and numerical results. 
 
Conclusion reached: 
The injection of CO2 and brine together reduces the mobility difference between injected and displaced fluids, resulting in 
higher storage efficiencies than injecting CO2 alone. The largest injection fractional flow of CO2 such that the mobility 
difference with the formation brine is favorable (0.85 fraction flow is suggested in this literature), followed by the injection of 
around 25% of the stored mass of CO2 as chase brine. 
 
Comments: 
This paper assumed that the injected brine is saturated with CO2 which creates residual trapping mechanism during a CO2 
storage process. However, the solubility of this trapping may occur in the injected chase brine actually. Therefore, the storage 
efficiency might be over-estimated. 
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SPE 113370 (2008) 
A Novel Foam Concept with CO2 Dissolved Surfactants 
 
Authors: 
Viet Q. Le, and Quoc P. Nguyen 
 
Contribution to the understanding of  CO2 dissoved surfactants foam injection 
Compare the results of novel injection strategies which involves dissolving the surfactant in the CO2 namely, conventional 
SAG and WAG, novel WAG, and novel CO2 injection from simulation and foam corefloods. 
 
Objective of the paper: 
To propose a novel injection strategy which involves dissolving the surfactant in the CO2 in order to lowers the injection 
costs, reduces the loss of surfactant onto the rock surface due to adsorption, and improves in-situ foam generation to 
significantly increase oil recovery. 
 
Methodology used: 
Two different novel methods are studied with simulation, namely continuous CO2-dissolved-surfactant injection and water-
alternating-gas with CO2-dissolved-surfactant injection. In addition, foam coreflood experiments were performed with 
different strategies including conventional SAG (surfactant alternated CO2 with surfactant injected in water), novel WAGS 
(water-alternating-gas with surfactant injected in CO2), and novel CO2 (continuous CO2 injection with dissolved-surfactant). 
 
Conclusion reached: 
Coreflood experiments concluded that the CO2 injection with dissolved surfactant gave higher recovery without injected 
water. The simulation results are qualitatively in good agreement with the experiments. The CO2 injection with dissolved 
surfactant results in highest reduction of the combined effects of high mobility contrast and high vertical communication 
between layers. 
 
Comments: 
This paper conducted the experiments based on surfactant provided by Dow with only two different concentrations of a 
surfactant. The extended study would be provided more different types of surfactant and more different concentrations to 
determine the optimal strategies of CO2 storage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Paper Number]  69 
SPE 115663 (2008) 
Design of Carbon Dioxide Storage in Oilfields 
 
Authors: 
R. Qi, T. La Force, and M.J. Blunt 
 
Contribution to the understanding of carbon dioxide storage in oilfield: 
Extend study of the SPE 109905 to inject more water than optimum WAG into depleted oil and gas reservoir which leads 
to improve storage of CO2 and increases the field field rather than gives the fastest oil recovery but earlier CO2 breakthrough 
 
Objective of the paper: 
To solve for CO2 transport in oil reservoirs and to design a strategy to maximise both oil recovery and CO2 storage as an 
immobile, trapped phase 
 
Methodology used: 
A carbon dioxide transport in oil reservoirs was studied by extending streamline-based simulation. The displacement was 
simulated in million-cell models using a standard PC. The simulator incorporates a state-of-the-art trapping model and relative 
permeability hysteresis based on pore-scale modeling verified by experimental data. This design through a combination of 1D 
and 3D streamline-based simulations is to analyse the mass of CO2 stored in the reservoir, oil recovery and injection fractional 
flow with analytical solutions. 
 
Conclusion reached: 
Injection strategy was proposed where CO2 and water are injected simultaneously at a higher WAG ratio (more water) than 
the traditional optimum value to retain the CO2 in the reservoir. A short period of chase brine injection is sufficient to render 
more than 90% of the CO2 trapped or dissolved with an overall storage efficiency of approximately 17%. 
 
Comments: 
The extended study of paper may be required to determine alternative injected fluid such as foam, surfactant instead of 
brine to obtain higher CO2 storage efficiency and higher oil recovery. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  70 
SPE 121579 (2009) 
Fractional-Flow Theory of Foam Displacements with Oil 
 
Authors: 
E. Ashoori, T.L.M. van der Heijden, and W.R. Rossen 
 
Contribution to the understanding of Fractional-Flow Theory of Foam Displacement with Oil: 
Explain fractional-flow method for foam injection. Simulations to verify the solutions obtained with fractional flow 
methods and illustrate the challenges of accurate simulation of these processes. 
 
Objective of the paper: 
To derive the fractional-flow solution for finding the water-saturation distribution of several cases of foam injection and 
propose the optimal process designs comparing the solutions obtained against fine-grid numerical simulation. 
 
Methodology used: 
The fractional-flow solutions had been evaluated from three cases of foam process. The first is a first-contact-miscible gas 
flood with foam injection, where oil may or may not destroy foam. The second is a first-contact-miscible gas flood with foam, 
with surfactant dissolved in supercritical CO2. The last is an idealized surfactant flood using immiscible gas for mobility 
control. Then, all of fractional-flow solutions were compared to fine-grid numerical simulation, namely 100 grids, 400 grids, 
and 1000 grids. 
 
Conclusion reached: 
In case of a first-contact-miscible gas flood with foam, the water-gas-oil displacement, the optimal water fraction in foam 
puts the gas front slightly ahead of foam (surfactant) front. This process would recover oil efficiently, using foam to maintain 
mobility control and gas to miscibly displace oil. 
In case of a first-contact-miscible gas flood with foam formed from surfactant dissolved in injected CO2, a foam process 
with greater solubility of surfactant in gas than water has a greater rate of foam propagation than a process with greater 
solubility of surfactant in water than in gas. 
In case of an idealized model of a surfactant flood, an optimal water fraction in the foam that keeps the gas front just 
behind the surfactant front. 
Simulation confirm the accuracy of the fractional-flow solutions at very fine grids can be completely distorted by 
numerical dispersion. 
 
Comments: 
The paper ignored foam deformation due to residual oil because it was assumed that the process is first-contact-miscible 
injection. Thus, this theory is not valid for immiscible injection. 
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SPE  123971 (2009) 
Streamline-Based Simulation of Non-Newtonian Polymer Flooding 
 
Authors: 
A.M.Alsofi, and Martin J. Blunt 
 
Contribution to the understanding of non-Newtonian fluid fluid model: 
Develop a streamline-based simulation that demonstrate how it can be used to design polymer flooding project as non-
Newtonian fluid 
 
Objective of the paper: 
The objective is to construct one-dimensional analytical solutions for waterflooding with a non-Newtonian fluid to validate 
the simulator. It is also to compare the results of streamline-based simulator to those from commercial simulators and discuss 
the significance of current assumptions to demonstrate the impact of non-Newtonian behavior on sweep efficiency and 
recovery. 
 
Methodology used: 
The simulator implements an iterative approach to solve the pressure field since the pressure depends on the aqueous phase 
viscosity which in turn for non-Newtonian fluids depends on shear stress and hence the pressure gradients. In addition, a 
physically-based rheological model is used where non-Newtonian viscosities in two-phase flow are taken at actual effective 
stresses instead of single-phase equivalents. 
 
Conclusion reached: 
Model was tested successfully against analytical 1D solution and multi-dimensional comparisons with results from 
commercial grid-based and streamline-based codes. 
 
Comments: 
This paper demonstrated the polymer flooding which is non-Newtonian fluid. Hence, this idea can be applied to foam 
flooding to modify the viscosity or mobility as non-Newtonian fluid as well. 
 
 
 
 
